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SUMMARY 
Measurements of effective resonance integrals  and Doppler coefficients of 
thick samples  of natural  and enriched tungsten have been performed in  a 1 / E  
spec t rum with sample tempera tures  up to  2273 OK and compared with calculated 
values. 
T1’2 dependence of resonance absorption usually assumed for a 1 / E  spec t rum,  
where T is the absolute temperature  of the absorber .  
Results of the Doppler measurements  up to 1370°K clear ly  favor the 
Measurements f r o m  
e made with ovens of a new design, and were  l e s s  accura te  
ependent reactivity effects.  
ctivity of each  sample was determined as a function of 
m Graphite Reactor  Cri t ical  Assembly (SGR-CA). These 
react ivi t ies  were  converted into effective resonance integrals  by comparison 
with epicadmium measurements  on samples  of gold, which has a well-known 
effective resonance integral .  Reactivities were determined from the reac tor  
power history during repeated cycles of sample inser t ion and removal ,  by 
numerical  solution of the reactor -kinetic equations. 
u remen t s ,  Pungsten samples  were heated electr ical ly  in  evacuated ovens. 
For Doppler-effect meas -  
Calculations were  ca r r i ed  out with a resonance-integral  code based on 
analytical  approximatione to the neutron slowing-down equation and a n  improved 
rat ional  approximation to  the escape probability for lumped absorbers .  
method overest imated both effective resonance integrals  and Doppler coefficients 
by as much a s  25% for some samples .  
and  failure of the flat-source approximation in  W186 can account for most  of 
the resonance-integral  overestimates for these two samples .  
other discrepancies a r e  being investigated; i t  s e e m s  likely that no single effect 
is responsible.  
This 
Resonance overlap i n  natural  tungsten 
Reasons for the 
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I. INTRODUCTION 
Described in this report  a r e  measurements  of the Doppler coefficients and 
effective resonance integrals of samples of natural  and isotopically enriched 
tungsten, with sample temperatures  ranging f rom 295 to  2273°K. Results a r e  
compared with predictions made using theoretical  methods based on improve- 
ments to  widely used analytical approximations. 
The nuclear Doppler effect  is one of the most  important mechanisms 
affecting the dynamic behavior of a reac tor .  
neutron absorption in resonances in heavy nuclei caused by thermal  motion of 
these nuclei. If the mater ia l  involved is a pure absorber ,  such a s  U , a r i s e  
in i ts  t empera ture  increases  neutron absorption in the reac tor ,  thereby causing 
a decrease  in reactivity. 
s i le  mater ia l ,  the reactivity decrease  i s  prompt. Reactors  with heavy 
abso rbe r s  in the fuel elements thus possess  an inherent mechanism for  limiting 
power surges .  In many reactor  types, this prompt,  negative tempera ture  coef- 
f icient of reactivity a l so  contributes substantially to stability under normal  
operating conditions. 
or positive, the sign depending on the balance between fission a n d  absorption in 
individual resonances,  and therefore on the neutron spectrum. Nearly all 
r eac to r s  have significant Doppler coefficients; only in small ,  highly enriched 
fast reac tors  will the neutron spectrum be concentrated at such high energies  
that no appreciable fraction of the neutron propulation will have energies  in the 
resonance region (approximately 1 to  l o 5  ev,  although most  of the Doppler 
effect  is contributed by resonances below 10 kev). 
It a r i s e s  f r o m  the increase  in 
238 
When the absorber  i s  intimately mixed with the fis-  
The Doppler effect  in f iss i le  nuclei can be either negative 
The original and best-known "Doppler effect" is, of course ,  the change in 
apparent  frequency of a sound wave caused by relative motion between source  
and observer .  The nuclear Doppler effect r e f e r s  to  the apparent shift in neu- 
t ron  energy due to  relative motion of the neutron and an absorber  nucleus. 
Absorption c r o s s  sections of some heavy nuclei have very high, narrow peaks 
( resonances)  a t  cer ta in  energies.  The rma l  motion of the absorber  nuclei will 
change the capture probability of neutrons near  resonance energies in the 
NASA- CR - 7 2 2 2 9  
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following way. 
a resonance of an  absorber  nucleus a t  rest .  
absorber  nucleus to move toward it f a s t  enough, the increased energy co r re -  
sponding to  the increased relative neutron-nucleus velocity will l ie  within the 
resonance, and the chance of capture will be much higher. Conversely,  neu- 
t rons within a resonance can be shifted out of it. 
t ra t ion of absorber  nuclei in a given neutron flux, no net change in absorption 
with temperature  would occur ,  because a s  many neutrons would be shifted out 
of a particulary resonance a s  into it.  If the absorber  nuclei a r e  concentrated 
in a lump, however, as in a reactor  fuel element,  this compensation will no 
longer occur.  
nuclei before escaping. F o r  a cold lump, therefore ,  a neutron with just  the 
right energy has practically no chance of escaping capture,  but with energy 
just  outside the resonance will a lmost  certainly escape. 
a slightly off-resonance neutron has  a very high probability of passing by a 
nucleus moving with the right velocity for resonance capture,  and a resonance 
neutron still has a high probability of encountering an  abso rbe r  nucleus with 
ze ro  relat ive velocity, hence of being captured. Thus, the total  resonance 
capture  in the lump i s  increased when the lump i s  heated. 
Consider a neutron having too low an energy t o  be  captured in 
If thermal  motion causes  an 
F o r  a very dilute concen- 
A neutron entering the lump must  pass  near  many absorber  
If the lump i s  heated, 
.L e,, 
F o r  a neutron spec t rum of the form Qo/E in the absence of the lump, the 
effective resonance integral ,  I, of a lump is defined s o  that o0I is equal t o  the 
total  resonance absorption in the lump. The Doppler coefficient i s  essentially 
the t empera tu re  coefficient of I. 
determining a r a the r  small change in I, typically of the o rde r  of a few percent 
f o r  a t empera tu re  increase  of 1000°K. 
Measuring this coefficient thus involves 
Much previous theoret ical  and experimental work on the Doppler effect in  
the rma l  and fast reac tors  has been discussed by Pearce") and Nordheim(2) in 
comprehensive review ar t ic les .  The temperature  dependence of the Doppler 
.L -0 
The Doppler effect a l so  exists in homogeneous reac tors ;  the previous 
a rguments  apply i f  we read "reactor"  for "lump" and recognize that being 
moderated into o r  out of the vicinity of the resonance energy i s  equivalent 
t o  enter ing o r  leaving the lump. 
NASA- CR - 7 2 2 2 9 
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coefficient is a particularly important subject f o r  investigation, because it 
drast ical ly  affects the total  energy r e l ease  in a reac tor  excursion. 
spectrum, calculations usually indicate an approximately T 
the Doppler coefficient, where T is  the absolute temperature .  ( 3 )  (This  implies 
a f i b e h a v i o r  for the resonance absorption i tself .  ) Ear ly  Doppler measure-  
ments were  over too smal l  a tempera ture  range t o  verify this calculated resul t .  
Some la te r  measurements  extended the upper tempera ture  limit to 1350°K but 
were  not accurate  enough to  determine the tempera ture  dependence of the 
Doppler effect. The resul ts  of Hellstrand et  a1 for uranium metal  and oxide, 
measured up to  about 1000 OK, were consistent with the suggested f i d e p e n -  
dence of resonance absorption, although not accura te  enough to  distinguish 
In a 1/E 
dependence of - 1/2 
between f i a n d  T dependence (4) .
The purpose of the investigation described in this report  was to  measu re ,  
in a 1/E spectrum, Doppler coefficients and effective resonance integrals of 
samples  of natural  and isotopically enriched tungsten, to  as high a tempera ture  
as possible. Tungsten is of interest  for two reasons.  First, it i s  a logical 
s t ruc tura l  mater ia l  in high-temperature r eac to r s ;  in par t icular ,  its s t rength 
and high melting point make  it at tractive a s  a fuel-bearing mater ia l ,  ( 5 )  where  
i ts  Doppler coefficient would play the same role as  that of fe r t i l e  mater ia l s  in 
reac tors  with natural  o r  slightly enriched fuel. 
well-known resonance parameters  2r.d kncvn s p e c t r u x  ( I/E) x a k e  it inherently 
interesting as a t e s t  for  cu r ren t  methods of calculating effective resonance 
integrals  and Doppler coefficients. 
regard  : 
Second, the combination of 
The following points a r e  of in te res t  in  this  
1) The f i l a w  can be tested to  very  high tempera tures ,  in principle,  
2 )  Natural  tungsten consists a lmost  entirely of four isotopes,  of m a s s e s  
because of the re f rac tory  properties of tungsten. 
182, 183, 184, and 186. Both natural-tungsten Sam l e s  and samples  
enriched to  m o r e  than 93% in W18', W184, and W18gwere available. 
Thus,  the quantities I and dI/dT could be measured with four different 
degrees  of dilution for  each isotope, one fo r  each sample.  
NASA- CR - 7 2  2 2 9 
AI- 6 7 - 9 3  
3 
3) Significant resonance overlap is possible between some resonance 
pa i rs  in different isotopes in the natural-tungsten sample;  the  l ikeliest  
possibility is overlap between the 18.8-ev resonance in W186 and the 
21 . l - ev  resonance in ~ 1 8 2 .  
4) N o  correct ion will  be required for  fast o r  epithermal fission in  the 
samples.  
The reactivity method was the one chosen for the I and dI/dT measure-  
186 ments ,  because only one isotope, W , i s  amenable to  activation measure-  
ments.  
of the Sodium Graphite Reactor Cri t ical  Assembly (SGR- CA). 
culations of the spec t rum a t  this position a s  a function of la t t ice  spacing had 
previously been done for a related program a t  this laboratory,  sponsored by 
the Atomic Energy Commission, to measure  Doppler coefficients of fer t i le  and 
f i ss i le  mater ia l s  in a 1/E spectrum. 
that the 10.6-in latt ice spacing produced the most  near ly  1/E spec t rum,  s o  that 
Sample reactivit ies were  measured in a cadmium sleeve a t  the center  
Extensive cal- 
Results of these calculations established 
spec t ra l  correct ions required would be minor (6) . 
Measured reactivit ies were  converted to  resonance integrals in barns  by 
comparison with measured reactivit ies of gold samples with known resonance 
integrals.  Auxiliary measurements  were  ca r r i ed  out to  a s s e s s  possible cor -  
rections to  the experiments ,  particularly sample scattering effects. 
Calculational techniques developed and used a t  this laboratory w e r e  
employed to  compute effective resonance integrals and Doppler coefficients for 
the samples  measured.  
served to  t e s t  the calculational methods. 
w e r e  a l s o  calculated, the most  important being the  correct ion f o r  deviation of 
the f l u x  spec t rum from 1 / E  and of the importance spectrum f rom energy 
independence. 
Comparison of these resul ts  with the measurements  
Certain experimental  correct ions 
Near ly  all of the major  objectives of the program were  achieved. 
rate measu remen t s  of the sample Doppler coefficients were  performed at 
186 t empera tu res  up t o  1370°K fo r  the natural-tungsten, W182, and W 
and up t o  1000°K for the W sample. Proven ovens, previously developed 
and used in the AEC-sponsored F a s t  Doppler Measurements program a t  this 
labora tory ,  were  utilized for these  measurement^'^). 
Accu- 
samples ,  
184 
Good accuracy was 
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AI-67-93 
4 
possible because of the approximately null t empera ture  coefficient of reactivity 
of these ovens; the tempera ture  limitation was pr imar i ly  due to  the high- 
tempera ture  decrease  in resistivity of the ceramic  insulating ma te r i a l  used. 
184 Doppler measurements  up to  2000°K on natural  tungsten and 2 2 7 3 ° K  on W 
were  made with newly designed ovens containing essentially no ceramic.  
These  ovens were  m o r e  difficult to u se ,  and turned out to have a l a rge  temper-  
a tu re  coefficient of reactivity that greatly reduced the accuracy of the measure-  
ments.  
perature  achieved in a cr i t ical  assembly,  to the best  of our knowledge, and 
fur ther  development of these ovens and experimental  techniques should improve 
the accuracy of future measurements.  
However, the temperature  of 2 2 7 3 ° K  does represent  the highest t em-  
The accuracy of the measurements up to  1370°K i s  sufficient, and the 
tempera ture  range l a rge  enough, to confirm the JT temperature  dependence of 
the Doppler coefficient predicted by calculations. 
Calculated effective resonance integrals w e r e  consistently l a r g e r  than 
measured  ones. F o r  the natural-tungsten sample,  resonance overlap can 
account for near ly  a l l  of the difference. 
discrepancies  a r e  of the order  of 2570 ,  probably indicating the breakdown of one 
or  m o r e  of the assumptions made in the calculational method. 
In the case  of W1" and W186, the 
Some measurements  on the W186 Doppler effect  using the activation tech- 
nique w e r e  supported by this  program. 
formed for  the AEC- sponsored 1/E Doppler project,  however, and the resu l t s  
will  be reported separately.  
Most of the activation work  was per -  
The  remainder  of this report  i s  divided into five major  sections,  followed 
by two appendices. Section 11, "Apparatus and Techniques, is a description 
of the apparatus used in the experiment, including the cr i t ical  assembly  and the 
samples ,  and the techniques employed, such as the method of measuring reac-  
t ivit ies.  Measurements of effective resonance integrals,  including those of 
samples  used to  normalize the tungsten resu l t s ,  a r e  discussed in Section III. 
Resul ts  of Doppler-coefficient measurements  a r e  presented and analyzed in 
Section IV, "Elevated- Temperature  Measurements.  I '  Calculational methods 
a r e  described and resul ts  a r e  compared with experiment in Section V ,  and 
Section V I  consists of the conclusions. 
NASA- CR - 72 2 2  9 
AI-67-93  
5 
Appendix A is a description of calculated correct ions t o  the experimental  
resul ts .  
Appendix B. 
Two codes used extensively i n  analyzing the data a r e  descr ibed in 
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II. APPARATUS AND TECHNIQUES 
Measurements  of sample reactivit ies were  ca r r i ed  out in a cadmium 
sleeve a t  the center  of the Sodium Graphite Reactor  Cr i t ica l  Assembly 
(SGR-CA), where the energy dependence of the neutron spec t rum i s  essent ia l ly  
1/E. 
mechanical osci l la tor  while the reactor  power h is tory  was s tored in a mult i -  
channel analyzer operating in the t ime mode;  the net reactivity difference 
between the sample- in  and sample-out conditions was then determined by 
numerical  solution of the reactor-kinet ic  equations. 
ment  was 800 s e c  long and consisted of four o r  five complete oscil lation cyc les .  
The typical sensitivity of such a measurement  was about 0.0015 cents fo r  
sample react ivi t ies  of a few cents.  
Samples were  al ternately inser ted and withdrawn f r o m  the co re  by a 
Each reactivity m e a s u r e -  
To de termine  Doppler coefficients, reactivity measu remen t s  were  made 
at elevated t empera tu res  on tungsten samples  heated electr ical ly  in small 
evacuated ovens inside the oscil lator tube. 
ovens were  a l so  measu red .  
0 .  75 in. OD by 6 in. long, with some ce ramic  insulation, were  used.  F o r  
higher  t empera tu res  (2273°K maximum),  ovens 2 in.  OD by 1 3  in. long, 
essentially a l l -me ta l  in construction, were  used .  
The react ivi t ies  of heated empty 
F o r  tempera tures  up to about 1400"K, ovens 
Descriptions of the c r i t i ca l  assembly ,  osci l la tor ,  ovens,  and samples  a r e  
presented  in this  section, together with a discussion of the techniques used in 
making the measu remen t s  and analyzing the resu l t s .  
A. CRITICAL ASSEMBLY 
All measu remen t s  were  made in the Sodium Graphite Reactor  Cr i t ica l  
The Assembly  with fuel elements  on a t r iangular  10.6-in. la t t ice  spacing. 
a s s e m b l y  cons is t s  of a ver t ica l ,  two-layer a r r a y  of hexagonal graphite l ogs ,  
s o m e  of which have cent ra l  holes  accommodating fuel e lements .  
and perspect ive views a r e  presented in  F igures  1 and 2. 
Sectional * 
Graphite logs a r e  4 ft high and 4 in. a c r o s s  the flats of the hexagon. Fuel  
e l emen t s  used in this project  consist  of eight hollow cylinders of 1.96-wt- '50 
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Figure 1. Sectional View of SGR Cri t ical  Assembly 
NASA- CR - 7 2  2 2 9 
AI - 67 - 9 3 
8 
F i g u r e  2.  Perspect ive VieLv of SGR Cri t ical  Assembly (Osci l la tor  not shown) 
NASA - CR - 7 2  2 2  9 
A I  - 6 7 - 9 3 
9 
enriched uranium meta l  stacked in an  aluminum tube, 1.875 in. OD and 1.795 in.  
ID,  with no sodium present .  
cadmium alloy with 0.032-in. -thick blades. 
the SGR-CA has  appeared elsewhere.  
Control rods a r e  Y-shaped pieces  of s i lver -  
A more  detailed description of 
(8 )  
During measurements ,  samples  were located a t  the geometr ical  center of 
the SGR-CA core .  
diameter  was created by replacing the fuel element normally located a t  the 
center  with a graphite log. A full-length axial hole, 1-1/4 in. in d iameter ,  
was dril led a t  the center of this log for  experimentation. This  configuration 
was chosen because calculations car r ied  out for  the para l le l  AEC-sponsored 
Doppler Measurements  P ro jec t  indicated that the closest  approach to a 1/E 
spec t rum would be obtained at the center of a core  having a 10.6-in. lat t ice 
spacing with the central  fuel element removed. ( 6 )  The l a rge  central  graphite 
region ac t s  to decouple the sample f rom the fuel,  by flattening the dips in the 
spec t rum a t  the U238 resonance energies and by .substantially reducing the 
fast flux at the sample,  thereby minimizing undesired moderation effects due 
to  inelast ic  scat ter ing in the sample. 
A central  region of graphite approximately 20 in. in 
This la t t ice  configuration i s  shown in Figure 3.  The core  was 8 f t  high, 
axially unreflected,  and slightly over 4 f t  in diameter  with a radial  reflector 
near ly  4 f t  thick. 
fully loaded (8 one-ft-high slugs p e r  element) and three  partially loaded (two 
centered s lugs ,  3 f t  of graphite) elements were required;  the la t te r  were the 
th ree  outermost  elements ( see  F igure  3) .  Under these conditions, the six 
cent ra l  control  rods were  fully withdrawn, control being maintained with the 
par t ia l ly  inser ted  seventh rod a t  the inner edge of the reflector.  
per turbat ions on the flux shape and spectrum a t  the center  were  thus negligible. 
Additional fuel loading required fo r  operation with a cadmium sleeve a t  the 
center  of the central  hole was added at the per iphery in a symmetr ica l  manner .  
For crit icali ty without cadmium in the central  hole,  18 
Control-rod 
Most reactivity measurements  were made  with a sma l l  o r  l a rge  cylindrical 
cadmium sleeve a t  the center  of the core  to exclude the rma l  neutrons f r o m  the 
sample.  Both sleeves had a wall thickness of 0.031 in. The sma l l e r  sleeve,  
1 .27  in .  ID by 6 in. high, was used for  room-temperature  measurements  and 
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Figure 3 .  SGR-CA Crit ical  Core Loading for 10.6-in. Lattice Spacing 
(Sample is  inser ted into full-height axial  hole a t  center of core .  Cross  
hatching denotes cent ra l  graphite region providing 1 /E  spectrum in 
axial hole .  
one at  far left ,  ) 
All control rods  a r e  withdrawn during measurement  except 
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elevated-temperature  measurements  up to 1400 "K. 
1. 25-in. axial  hole in  the cent ra l  graphite log was enlarged to 1.33 in. over  
The d iameter  of the 
, a height of 6 in. a t  the ver t ica l  center  of the log to  provide a r eces sed  space 
to hold the sleeve. 
fuel elements (compared with 19.4 elements without the s leeve) .  
The c r i t i ca l  loading with this  sleeve in  place was 20.6 
The l a r g e r  oven used for  measurements  above 1400°K required a l a r g e r  
cadmium s leeve ,  2.723 in. ID by 18 in.  high. A new central  graphite log was 
used with a 2.687-in. -d iam center  hole. 
of the hole was enlarged to 2.81 in. to  take the s leeve,  which was completely 
encased in  a s ta in less -s tee l  jacket,  0.004-in. wall thickness ,  for  containment. 
This sleeve necessi ta ted an  increase  in fuel loading to 25.6 elements .  
The d iameter  of the cent ra l  18 in. 
Measurements  made without cadmium were  performed in the 1.33-in. - 
d iam cavity used for  the sma l l e r  sleeve. 
B. DETERMINATION OF REACTIVITY 
The react ivi ty  change due to insertion of the sample in the cent ra l  axial 
hole was determined by means  of the "dynamic reactivity ' '  technique. 
method, the  power h i s to ry  of the reac tor  'is recorded on a multichannel t ime 
analyzer  while the sample i s  alternately inser ted  and withdrawn by a mechani- 
ca l  osc i l la tor .  
a s  input to a computer code that solves the reactor-kinet ic  equations numer ic -  
a l ly  to de te rmine  the reactivity at each time step.  
In this  
The number of counts recorded in each channel then se rves  
1. Osci l la tor  Description 
The mechanical  osci l la tor  used to  inser t  and remove the sample consisted 
of a cable-and-drum unit dr iven by a reversible  motor ,  a smal l  c r ane ,  and a 
13-ft aluminum tube,  1.25 in. OD. The crane  res ted  on the s tee l  f loor above 
the r e a c t o r  with the pulley at the end of its arm direct ly  above the cen t r a l  
hole in  the core .  
top,  it was attached to a cable that passed through the pulley to the dr ive  unit. 
The r eve r s ib l e  motor  was controlled by a dua l -prese t  s ca l e r  dr iven by a 
c rys t a l  -controlled osci l la tor .  
The 13-ft tube was always fully inser ted  in the hole;  a t  i t s  
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The center of the sample being measured was located 2 7  in.  above the 
vertical  center of the 13-ft oscillator tube. For  most measurements  an 
additional sample holder ("dummy") centered 2 7  in.  below the center of the 
oscil lator tube was also used. Thus, with the oscil lator tube a t  the top of i t s  
54-in. s t roke,  the dummy position was a t  the center of the 96-in. -high co re ,  
the sample position was 6 in. above the top of the c o r e ,  and the bottom of the 
oscil lator tube was 3 in. below the bottom of the core .  With the oscil lator 
tube at  the bottom of i t s  s t roke,  the sample position was a t  the core  center ,  
and the dummy position was 6 in .  below the bottom of the reac tor .  
mechanical stop a t  each end of the stroke positioned both sample and dummy 
in a p rec i se ,  reproducible way, and simultaneous activation of a microswitch 
shut off the dr ive unit. 
A 
2. Procedure  
A compensated ionization chamber located in the radial  reflector ( 2  f t  
above the core  midplane, at a radius of 5 f t )  was used to provide a signal 
proportional to  reactor  power. 
v e r t e r  connected to a 400-channel analyzer in the mult iscaler  ( t ime)  mode. 
The number of counts in each channel was thus proportional to the t ime-  
integrated power over the channel width (usually 2 s e c ) .  
This signal fed a voltage-to-frequency con- 
To make a reactivity measurement ,  the reactor  was made cr i t ical  with 
the oscil lator tube at the top of its t rave l  (sample out). 
maintained for  about ten minutes to ensure  that the initial reactivity was 
approximately zero  with delayed-neutron p recu r so r s  a t  their  equilibrium 
values.  
Af te r  70 sec  a t  level  power,  the oscil lator tube was driven a l l  the way in. 
The sample remained at the core  center for  60 sec ;  the tube was then 
re turned  to  its original position, where it remained for another 60 sec ,  to 
r e m e a s u r e  the base-point reactivity. 
e i ther  direction. 
800-sec measurement .  
mit ted m o r e  convenient mathematical  elimination of l inear  drift  f rom the 
measurements .  
Level power was 
The analyzer and oscillator t imer  were then s tar ted simultaneously. 
Transi t  t ime was about 20 sec  in 
This 160-sec cycle was repeated 4-1/2 t imes  during each 
Use of an odd number ( 7  o r  9 )  of half-cycles p e r -  
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3 .  Dvnamic -Reactivitv Code 
Reactivity as a function of t ime was calculated f r o m  the analyzer data by 
a computer code. 
been t ransformed into one integrodifferential equation in which reactivity is 
the unknown quantity and reactor  neutron population (or  any quantity p ro -  
portional to i t ,  such a s  the ion-chamber signal for  this experiment) appears  
in a sum of integrals  over known variables.  
F o r  use  in this code, the reactor-kinetic equations have 
(9) 
This computer code was originally used mainly for  control-rod cal ibra-  
t ions;  modifications were necessary  to make i t  m o r e  useful for prec ise  
measurement  of smal l  reactivit ies,  
were a feature to compute a number of weighted-average reactivity values 
f r o m  the individual reactivit ies and the use of an exponential approximation 
f o r  the variation of power over  a single channel. The averaging procedure 
is ca r r i ed  out in such a way that long-term l inear  dr i f t  i s  cancelled out. 
code (RHOAV) is described in somewhat m o r e  detail  in  Appendix B. 
The two most  important modifications 
The 
Only reactivity values corresponding to  times when the sample was 
stationary in the in o r  out positions were used to determine the reactivity 
difference between sample-in and sample-out positions. The reactivit ies 
measu red  were small  enough that the spatial distribution of the delayed-neutron 
p r e c u r s o r s  remained essentially undisturbed in the fundamental mode, S O  that 
the assumption of space-time separability implicit  in the usual fo rm of the 
reactor-kinet ic  equations was valid. (For  ve ry  la rge  reactivity changes, such 
as resu l t  f r o m  rod drops ,  depar ture  of the p r e c u r s o r s  f r o m  the fundamental 
mode can be  observed a s  a gradual drift  of the calculated values away f r o m  
a previously established constant value. 
these  experiments .  
No such drift  has  been observed in 
Results a r e  also independent of detector location. ) 
The ma in  source of e r r o r  in this technique is  the random fluctuations of 
the neutron population of the reac tor ,  a s  sampled by the detector ;  therefore ,  
the uncertainty of a given measurement  i s  inversely proportional to the square 
root of the product of power level and measurement  t ime.  
operating a t  full power,  typical resul ts  of reactivity measurements  lasting 
800 sec  (of which 540 sec  represented useful measurement  t ime)  had standard 
In the SGR-CA 
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deviations of the o rde r  of 0.001 5 d .  
for  reactor  noise calculated from average power,  oscillation frequency, 
detector efficiency, and reactor  t ransfer  function. 
This value ag rees  with the expected value 
The dynamic method of measuring sample reactivit ies offers  some ad- 
vantages over other commonly used methods. A s  used in these experiments 
i t  requires  a mechanical oscil lator,  but this oscil lator can be much s impler  
in construction and operation than most  pile osci l la tors .  
to produce sinusoidal reactivity changes, a s  i s  sometimes done. 
i t  necessary  to have a rapid t ransi t  t ime (that i s ,  to f i r e  the sample in o r  out 
in a fraction of a second) to avoid introducing undesired power t ransients  into 
the Four i e r  analysis.  
sample i s  a t  r e s t  a r e  used ,  s o  that the relatively long t rans i t  t imes due to the 
simple cable-and-drum mechanism a r e  acceptable. 
No attempt is made 
Neither i s  
Only those portions of reactivity data taken while the 
The dynamic method requires l e s s  measurement  t ime than the period 
method f o r  equivalent accuracy,  because of the elimination of the long waiting 
time required for  complete decay of the initial transient.  ( lo )  The waiting time 
would be prohibitive for  most  of the reactivit ies measured  in this program,  
which were  of the o rde r  of two cents. This elimination of waiting t ime also 
allows frequent remeasurement  of the reactivity of the cr i t ical  assembly with 
the sample out (the zero-point reactivity), to eliminate the effects of long- 
t e r m  drift .  
C. ROOM-TEMPERATURE MEASUREMENTS 
F o r  measurements  of sample reactivit ies at room tempera ture ,  the small 
osci l la tor  tube (1.25-in. OD) was filled with graphite except for  two cylindrical  
cavi t ies ,  one a t  the sample position and one at the dummy position. These 
cavities were normally 0.44 in. in diameter  and 4 in. long to a c c o m o d a t e  
s tandard-size  samples ,  which were 0.438 in. in diameter  and 4.0 in. long. 
At the sample position, the oscillator tube could be opened to provide access  
to a 6-in. -long cavity with diameter equal to the full 1. 15-in. ID of the tube; 
this  cavity could then be filled with graphite pieces of various s izes  to 
accommodate samples  of either standard o r  nonstandard dimensions. 
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Since total  sample worths w e r e  being measured ,  r a the r  than changes in 
the worth of a particular sample,  the dummy position was left empty. Two 
separate  measurements  were  made to  determine each sample worth,  one with 
the sample surrounded by graphite in the sample position and one with the 
sample (but not the graphite) removed. 
ments  thus represents  the sample reactivity relative to  void. 
The difference of these two measure-  
D. ELEVATED-TEMPERATURE MEASUREMENTS 
1. Apparatus 
a .  Measurements  Below 1400°K 
( 1 )  Oven Description 
The ovens used to heat  samples to a maximum temperature  of about 
1400°K were  near ly  identical to those developed and used by the AEC-  
sponsored F a s t  Doppler project.  ( 7 )  They a r e  character ized by relatively 
small s i ze ,  small temperature  coefficient of reactivity,  and low power 
requirements  (e .  g . ,  25 watts for  1000"K, 100 watts f o r  1370°K) .  
A typical oven consists of an insulating core  that surrounds the sample,  
made  of a machinable ce ramic  (lavite,  pr imari ly  aluminum si l icate) ;  a 
nichrome heating element wound on the core ;  a lavite sleeve over the 
heating element;  a molybdenum heat shield around the sleeve; expansion 
washers  and insulators  at the ends; and a s ta inless-s teel  shell. 
d iameter  of the hea ter  sys tem is 0.448 in. , and it normally accepts samples  
4 in. long. The shel l  is  0.75 in.  OD by 5 in .  long. Sample tempera tures  
a r e  m e  a s u r  ed with two s tainle s s - st eel  - sheathed, MgO -insulated chrome1 - 
alumel  thermocouples,  one in a central  axial hole 1.5 in. deep and one in a 
1/4-in. -deep hole a t  a radius of 1/8 in. 
F igure  4. 
The inner 
Oven components a r e  shown in 
Before each run,  the sys tem is evacuated and baked out for  about 20 h r  
a t  a t empera tu re  slightly higher than the highest anticipated experimental  
t empera ture .  The sample i s  then allowed to cool, and the sys tem i s  sealed 
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by crimping off a copper evacuation tube. Reheating the closed sys tem through 
many tempera ture  cycles over a period of severa l  weeks normally does not de-  
grade the vacuum significantly. 
( 2 )  Oscil lator Tube 
A second oscil lator tube was assembled for  u se  in elevated-temperature 
measurements  up to  1400°K. It was s imilar  to the one described in sections 
IIB 1 and IIC except that i t  contained no graphite, to allow unimpeded pas sage 
of cooling a i r .  
heater  wires .  
the center of the tube, were welded a c r o s s  the inter ior  of the tube to act  a s  
mechanical stops for  the sample and dummy ovens. 
hardware for mounting them inside the oscil lator tube were fabricated. 
Provision was also made f o r  the exit of thermocouple and 
Two rods ,  symmetrically located 24-3/8 in. above and below 
Several  extra  ovens and 
b. Measurements  Extending Above 1400°K 
The achievement of sample temperatures  in the 2000°K range required 
an oven that was physically much larger and m o r e  mass ive  than the lower- 
tempera ture  ovens. 
quirements f o r  the oscil lator tube and cadmium sleeve. 
The increased s ize  of this oven led direct ly  to new r e -  
( 1 )  Oven Description 
Initial a t tempts  to develop a 2000°C oven s imi la r  in design to the ovens 
used below 1400 OK, with high-temperature ceramic  insulating ma te r i a l s  
(alumina, zirconia,  thoria)  used in place of lavite,  proved unsuccessful. 
After an  improvement of only two o r  th ree  hundred degrees  over the lavite 
ovens,  the insulators  became electrically conductive enough that e lectr ical  
shorting between turns  of the heater coil took place.  
to an all-metal design that depended solely on a high vacuum for  e lectr ical  
insulation of the heating coil. 
achieving sample tempera tures  above 2000 OK. 
Attention was then turned 
This design proved to be successful in 
The main elements  of this oven a r e  shown in Figure 5. 
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The sample was supported by two 1/16-in. -diam tungsten rods , 3 in. long, 
embedded in each end to a depth of 1/2 in. along the axis .  
these rods were inser ted 1 /2  in. into the two s ta inless-s teel  reflector supports.  
The other ends of 
Heat was supplied to the sample by thermal  radiation f r o m  a free-standing, 
cur ren t -car ry ing  coil of 1 /16-in. -diam tungsten wire surrounding the sample.  
The diameter  of the coil was 7/8 i n . ,  with a total  of 14 turns  in i t s  overal l  
length of 5 in.  
provide a more  uniform axial temperature distribution in the sample.  The ends 
of the coil were attached to two 5/32-in. -diam, 7-in. -long tungsten electrodes 
that supported the coil and supplied the cur ren t  required to heat the sample.  
Each electrode passed through holes in the axial ref lectors ,  reflector support, 
and end cap into an extension tube attached to the end cap, where connection 
was made  to the external power source.  
The coil thus extended 1/2  in .  beyond each end of the sample,  to 
Heat l o s ses  f rom the coil and sample were reduced by radial  and axial  
molybdenum ref lectors .  
all other rad ia l  ref lectors  were  0. 005 in. thick. 
The four outer radial  ref lectors  were 0,001 in. thick; 
Because of c learance required between sample,  coil and the numerous 
radial  re f lec tors  , principally to minimize the effects of component thermal  
expansion and coil sagging, the physical s ize  of the new systems was substan- 
t ially l a r g e r  than that of the previously used ovens. 
shell  was 2 i n . ,  the overall  length 13 in. 
The outer diameter  of the 
An external  vacuum system, consisting of a forepump , sorption pump , and 
diffusion pump, was used to keep the residual p r e s s u r e  in the oven below 
t o r r  during operation. 
vacuum seal between shell  and end caps was made  by welding. 
There  were  no gaskets in the oven; a f te r  assembly,  the 
Power  requirements were modest at low sample tempera tures  but 
increased  sharply as 2300°K was approached. F o r  example,  although 1000°K 
was achieved with only 25 watts and 1500°K with 110 watts, a power level of 
600 watts was needed to reach 2000"K, and 2273 OK required 2200  watts.  
Continued development of this oven for related AEC-sponsored projects  has 
not, as  y e t ,  resulted in significant improvement in the high power requirements  
a t  high t empera tu res .  
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Sample tempera tures  were measured with a single tungsten-rhenium 
(W-5Re/W-26Re o r  W/W-26Re) thermocouple, magnesia insulated and tantalum 
sheathed. 
sample,  0 .062  in. diameter  and 1 in. deep, with the axis of the hole 1/8 in. 
f r o m  the axis of the sample.  
The thermocouple was fully inser ted in a longtiudinal hole i n  each 
( 2 )  Oscil lator Tube 
The f i r s t  requirement inposed by the l a r g e r  ovens was a la rger -d iameter  
The new tube, also made of aluminum, was 2 -5 /8  in. in OD,  oscil lator tube. 
0 .  065  in. in wall thickness,  and 14 ft long. 
vacuum and compressed-a i r  l ines,  and one hea ter  cable were brought out 
through the top; the other heater  lead was brought out through the bottom of 
the tube, which was always below the bottom of the core .  
Thermocouple leads ,  the high 
The additional m a s s  of steel  in the la rge  ovens caused them to have much 
higher thermal-neutron worths than the previously used ovens. 
appearance of this large thermal  reactivity as the oven moved into the cadmium 
sleeve could have led t o  a momentarily large reactivity-insertion rate, possibly 
exceeding for  a short  t ime the maximum ra te  allowed by the operating rules .  
To circumvent this problem, a reactivity-shimming technique was used. The 
thermal  reactivity of an empty oven was f i r s t  measured;  then reactivit ies of 
13-in. lengths of various types of tubing on hand were measured.  It was found 
that the nested combination of 2-1/8-in. -OD, 0.070-in. -wall copper tubing and 
1 -3/4-in.-OD, 
thermal-neutron worth as the oven. 
dimensions were then added to  the oscil lator tube, one pair extending f rom 
the top of the oven to the top plug of the tube, the other f rom the bottom of the 
oven to the bottom plug. The oscillator tube thus presented an approximately 
constant thermal  reactivity worth p e r  unit length to  the reac tor  a s  i t  was 
moved through the core .  
by this modification, and was reduced still m o r e  by the substitution of a 
sma l l e r  gear in the drive unit, a change needed to overcome the much greater  
weight of the large oscil lator tube. 
The rapid d is -  
0.65-in.-wall s ta inless-s teel  tubing had about the same 
Two pa i rs  of concentric tubes of the above 
The reactivity-insertion ra te  was great ly  reduced 
As  before ,  the fully in and fully out positions of the oscil lator were estab-  
l ished by mechanical l imi t s ,  and microswitches were also provided to shut off 
the drive motor  at  both ends of the s t roke.  
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2. Procedure 
Measurements of reactivit ies at elevated temperatures  were  performed 
with a sample in the heated oven and a similar sample (it need not be identical) 
in the cold, dummy oven. 
similar to the sample sys tem i s  to reduce the magnitude of the power swings; 
the reactivity code i s  then more  accurate.  
is  that between the sample a t  two different tempera tures ,  not that between 
sample and dummy. 
by separate  reactivity measurements  on a heated empty oven. 
The only purpose of making the dummy sys t em 
The reactivity difference of interest  
The magnitude of oven reactivity effects was determined 
Several  runs were  made with each sample,  one run normally taking one 
day using the small  ovens. 
measurements  a t  each of several  sample tempera tures ,  were  analyzed f i r s t  
with the RHOAV code (Appendix A) to determine the sample reactivity a t  
each temperature .  
best-fitting f o r m  of the tempera ture  dependence of the Doppler effect with 
the DOPFIT code (Appendix B). 
Data f r o m  each run, consisting of a set  of power 
These reactivities were then analyzed to  determine the 
Results of analysis of a typical run a r e  shown in Figure 6 ,  a n  example 
E r r o r s  shown on the individual reactivit ies were  of DOPFIT graphical output. 
the s ta t is t ical  e r r o r s  computed by RHOAV. The curve is a weighted leas t  
I 
squares  f i t  to the reactivity-vs-temperature data ,  having the form 
p = a t b T1-', . . .  (1) 
where  y is varied in s teps  of 0.1 f r o m  0 t o  1. 5 t o  find the value producing the 
bes t  f i t .  
th is  run,  t he  value of y leading to the best  fit was 1/2. 
The  Doppler coefficient then has the f o r m  dp/dT = b(1-y) T-'. In 
The  procedure for  taking data with the l a rge  ovens was essentially the 
same. F e w e r  points w e r e  measured a t  the lower temperatures  because the 
I coverage of the small- oven measurements  was believed to  be adequate there .  
At the higher temperatures  (above 1400"K), the sample tempera ture  reached 
equi l ibr ium within 15 min a f te r  increasing power, but temperatures  of other 
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DOPPLER EFFECT, W-182 SLUG, CD SLEEVE. RUN 0520 
T E M P E R A T U R E  [ K E L V I N )  
Experimental  Points and Least-  squares  Fit for  
Doppler Measurements  on W182, Single Run. 
F igure  6. 
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par t s  of the oven continued to  r i s e .  
oven made any attempt to wait for thermal  equilibrium of all oven components 
impractical .  
The long thermal  time constant of this 
No  dummy oven was necessary ,  since the reactivity- shimming technique 
minimized the power variation between in and out positions. 
A number of difficulties prevented carrying out an extensive s e r i e s  of 
measurements  in the 2000°K range before conclusion of the project.  The 
initial measurements  were  terminated by p res su re  increases  in the oven, 
f r o m  various causes ,  a t  temperatures  above 1900°K. After each run 
terminated in this way, it was necessary to disassemble the oven, clean the 
s tee l  par t s  chemically, and fabricate  a new heater  coil and new ref lectors ,  
before  r euse  of the oven. 
did not r ecu r  during the final run, W184 a t  2273°K. 
difficult ies,  the length of t ime involved in assembly and disassembly of the 
oscil lator tube and reactivity shims,  welding shut o r  filing open the oven, 
and in completely dismantling and reassembling the oven f o r  each run 
(necessa ry  because of the manner  of its construction) was considerable,  so 
that  only a few high-temperature runs could be made in the t ime remaining. 
These problems were  gradually overcome, and 
Even without these 
E .  SAMPLE PROPERTIES 
Relevant propert ies  of the tungsten samples used in this experiment a r e  
presented in Table 1. 
reactivity measurements ,  a r e  given in  Table 2 ,  and those of samples  used 
in auxiliary measurements  a r e  listed in Table 3. 
Proper t ies  of gold samples ,  used t o  normalize 
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2.683 
0.  876 
38.09 
49. 87 
74.4 
148. 8 
223.2 
297.4 
M I A  
(moles)  
0.01362 
0.004445 
0.1933 
0.2532 
0.3777 
0.7553 
1.133 
1.510 
TABLE 2 
PROPERTIES OF GOLD SAMPLES 
Diameter o r  
Thickne s s '$ 
(in. ) 
0. 002::: 
0.030 
0. 031::: 
0.235 
0.670 
0.670 
0.670 
0.670 
Length 
(in. ) 
4.00 
4.00 
4.00 
3.683 
0.670 
1. 340 
2.010 
2.680 
4.489 
1.669 
1. 179 
0.6024 
0.4284 
0. 3910 
0. 3778 
0. 3711 
(See Table 1 for definitions of symbols.)  
:icR e c tang ul  ar s amp 1 e 
TABLE 3 
PROPERTIES OF MISCELLANEOUS SAMPLES 
Mate r  i a1 
L e  ad 
Stainle s s Steel 
Aluminum 
Lavite 
110.6 
77.9 
28, 7 
23. 3 
MIA 
(moles) 
0.533 
1.394 
1.065 
0.055 
0. 582 
0.693 
1. 142 
1.268 
All s amples  were  0.438 in. diam by 4.00 i n .  long. 
S 
(ba rns )  
1649. 
227.9 
113.8 
29.68 
15.00 
12. 50 
11.66 
11.25 
S 
(barns)  
29.2 
11.15 
14.60 
284. 
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1 1 1 .  MEASUREMENTS OF EFFECTIVE RESONANCE INTEGRALS 
A. CALIBRATION 
If the  spectra  of both neutron flux and importance a re  lethargy 
independent, the measured reactivity of a sample under cadmium will be pro- 
portional to  its effective resonance integral. The constant of proportionality, 
C y  cannot be calculated a p r io r i  with reasonable accuracy;  it must  be de te r -  
mined experimentally by measuring the reactivity of one o r  m o r e  samples with 
known resonance integrals.  
ence standard. 
ments of the effective resonance integrals of plane gold samples  over a wide 
range of surface- to-mass ratio. (6) 
0.002 and 0.031 in. thick, were  measured in the SGR-CAY and the i r  resonance 
integrals w e r e  determined f r o m  a plot of Beller and Farrar 's  measurements .  
T h e i r  results a r e  given as effective resonance integrals vs 2, the  geometr ical  
escape  c r o s s  section f o r  a lump. 
the  effective resonance integral  I i s  proportional to  J'G. 
-- 
In th i s  experiment,  gold was chosen a s  the re fer -  
Beller and F a r r a r  have recently reported resul ts  of measure-  
The reactivit ies of two plane samples ,  
* 
F o r  the  range of the two samples  used, 
The effective cadmium cutoff energy f o r  Beller and F a r r a r ' s  samples 
should be approximately equal to  that f o r  reactivity measurements  in the 
0,031-in. cadmium sleeve, since the i r  activation measurements  were  per-  
formed in a 0.062-in. - thick cadmium box. 
The  calibration constant C is defined a s  
r T 
.L -8-
T h e  quantity s can be thought of as a geometrical  c r o s s  section for  escaping 
capture  in a lcmp;  it is defined a s  s = S/4NV = 1 / N f ,  where  d (=4V/S) is the 
mean chord length of the lump. (The other quantities were  defined in Table 1. ) 
The utility of 3 i s  the fact that it can be used to  extend homogeneous resonance- 
in tegra l  calculations to heterogeneous sys tems;  s plays the role of a scattering 
c r o s s  section in this formulation. 
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where I 
pe r  mole that the standard would produce in  a 1/E spectrum, f 
tion factor for  a non-1/E spectrum and P 
mole of the standard. 
is the known resonance integral  of the standard,  P i s  the reactivity 
S S 
is the co r rec -  
S 
is  the measured  reactivity per  ms 
(See Appendix A for method of calculating f. ) - 
Results for  the calibration constant C a r e  given in Table 4. 
14.29 
15.52 
TABLE 4 
EPICADMIUM CALIBRATION CONSTANT 
14.22 f 0. 24 
14.00 f 0. 24 
Gold Sample  
Thickness* 
(in.  ) 
0.002 
0.031 
( cm/gm1/2) 1 ( b a r n s )  
4 .489 I425 * y  
1. 179 1132.6 f 2 . 0  
~ ~ 
Reactivity 
( t  /mole)  
29.71 f 0 . 0 4  
8.542 f 0.005 
1.005 
1.109 
C**l c 
(ba rn -mole /k )  
I * F r o m  T a b l e  2; see that tab le  f o r  o ther  s ample  p rope r t i e s .  
t M e a s u r e d  by B e l l e r  and F a r r a r . ( 6 )  
§fs is calculated spectral co r rec t ion  factor .  
**C' is ca l ibra t ion  constant  uncorrec ted  fo r  spec t r a l  deviation. 
It is c lear  that  the spec t ra l  corrections bring the two measurements  of 
(Nearly all of the e r r o r  quoted for each value is C into reasonable agreement.  
due to  uncertainty in the  absolute normalization of Bel ler  and Farrar's 
measurements ,  so  that the two e r r o r s  a r e  correlated.  The ag reemen t i s ,  there-  
fore ,  not within experimental  e r r o r .  ) Since one measurement  has a calculated 
spec t r a l  correct ion of l l%, it must  be given l e s s  weight. (This is a reflection 
of the g r e a t e r  sensitivity of thicker samples t o  the cadmium spec t ra l  depres-  
sion. ) Without an  extensive experimental o r  analytical investigation of the  
validity of calculated spec t ra l  corrections,  it is difficult t o  es t imate  the e r r o r  
in  the Corrections.''' The procedure adopted he re  is to  a rb i t r a r i l y  ass ign  t o  - f a n  
e r r o r  of ( f - l ) / 2 .  The e r r o r  in C f rom this source  i s  negligible fo r  the thinner 
.*. 
'. T h e r e  is some indication that diffusion theory may overest imate  this co r rec -  
tion. See  Appendix A. 
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sample and amounts to 5. 5%for  the thicker.  
of C measured with the thicker sample does not contribute to the weighted 
mean,  although consistent with it. 
With this assignment,  the value 
The resultant measured value of epithermal calibration constant i s  thus 
C = 14.22 f 0.24 barn-rnole/d.  
Reactivities of a number of cylindrical gold samples were  a l so  
measured and converted to  effective resonance integrals.  
culate spec t ra l  corrections were  available only for the sample having 
Data needed to  cal-  
/m = 0. 6024, for which the correct ion factor f was 1.108. This value was - 
almost  identical to the correct ion factor  for  the thicker plane sample (Table 4). 
The uncorrected value of C (1 5. 52 barn-rnoles/d ) determined for that sample 
was therefore  used f o r  all of these relatively thick samples .  
e r r o r  of 37'0 was a rb i t ra r i ly  assigned to  these measurements  to allow for the 
lack of additional spectral  corrections.  
A n  additional 
These results a r e  presented in Table 5 and Figure  7. 
resu l t s  of Beller and Farrar a r e  a l s o  included in this figure. 
Some of the 
TABLE 5 
MEASURED EFFECTIVE RESONANCE INTEGRALS OF 
GOLD CYLINDERS 
Jm* 
( cm/gm 1 /2, 
1.669 
0.6024 
0.4284 
0.3910 
0.3778 
0.371 1 
Reactivity 
(t /mole) 
12.49*0.16 
4.729k 0.04 
2.993* 0.003 
2.624& 0.002 
2,484& 0.002 
2.405& 0.002 
It 
(barns  ) 
194.* 7. 
73.4* 2.5 
46. 5* 1 . 6  
40. 7* 1 .3  
38.6* 1.3 
37.3* 1.3 
:%See Table 2 f o r  other sample properties.  
TBased on C = 15.52 barn-moles /d  for  thick gold samples  (Table 4) ,  
o therwise uncorrected for spectral  deviation. 
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B. AUXILIARY MEASUREMENTS 
-___ 
110.6 
1. Mi s c ellaneou s Rea ctivitv Effects 
0 .009  f 0 . 0 0 8  
Possible effects  of scattering on reactivity were  investigated by 
measuring reactivities of samples of a heavy sca t t e re r ,  lead, and a light 
s ca t t e r e r ,  aluminum. 
absorption. 
In particular,  lead has a very high ratio of scattering to 
Measurements on samples  of stainless s teel  and lavite served to  check 
the smallness  of reactivity effects of the principal s t ruc tura l  mater ia l s  used in 
the ovens. 
the mater ia l s  in the ovens. 
These  samples w e r e  in considerably m o r e  concentrated f o r m  than 
Results of reactivity measurements  on these four mater ia l s  a r e  given 
in Table 6. 
TABLE 6 
REACTIVITIES OF MISCELLANEOUS SAMPLES 
Mat e r ial  
~ - - - - 
Lead 
Stainless Steel 
Aluminum 
Lavite 
Reactivity 
( k /mole) 
0.000 f 0.004 
-0. 75 f 0.15 
(All  samples  were  0.438 in. diam by 4.0 in. long. ) - 
W e e  Table  3 for  other sample propert ies .  
Scattering effects on sample reactivit ies were a l so  investigated by de ter -  
mining the effect of surrounding a 0. 25-in. -diam natural-tungsten slug with a 
thick hollow cylinder of lead. 
Without the additional cylinder, the measured epicadmium reactivity of the 
tungsten slug was 2 .  527*0. 016d/mole; with the external  lead cylinder in place,  
the r e su l t  w a s  2 ,  511*0. 002k/mole. 
Wall thickness of the lead cylinder was 0 .  092  in. 
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All of the foregoing measurements  were  made  with two cadmium end 
caps,  1. 15 in. d iam by 0. 031 in. thick, at the ends of the sample in the oscil-  
la tor  tube. These caps were  worth only 0 . 2 5 d ,  but m o r e  important is the fac t  
that measurements  on two standard natural-tungsten samples without end caps 
agreed,  within e r r o r ,  with measurements  on the s a m e  samples with end caps. 
Jn view of the demonstrated smallness  of end effects,  all subsequent measure-  
ments in the sleeve were  done without end caps. Possible  reactivity e r r o r s  due 
to  slightly different positions of the end caps between sample and void measure-  
ments were  thus eliminated, a s  well a s  problems involving heating of the caps 
during measurements  a t  elevated temperatures .  
2 .  Axial Flux and Importance Shapes 
Axial t r ave r ses  in the 2- in . -diam central  axial void were  made  
with a fission counter andanSb-Be neutron source to  verify the expected cosine 
shape for  r ea l  o r  adjoint flux. The fission-counter data were  fitted quite well 
(rms deviation l e s s  than 0.2% ) by a cosine with the expected parameters .  If 
the  source  t r a v e r s e  is made  at two different power levels ,  the source  impor- 
tance can be separated f r o m  the resulting reactivity data. (9) Within the 
r a the r  l a r g e  sca t te r  of the experimental points, the source-importance data 
w e r e  a l so  fitted with a cosine ( r m s  deviation about 5’70). 
tion in  the product of flux and importance over the length of a 4-in. sample i s  
0.4%with the parameters  determined from these fi ts .  
The maximum varia- 
C. RESULTS 
F o u r  samples  of natural  tungsten and t h r e e  of enriched w e r e  measured  
in  the cadmium sleeve. 
effective resonance integrals in barns  with the calibration constant C and cal- 
culated spec t ra l -  correct ion factors .  
which is the lower energy limit of the effective resonance integral ,  was taken 
to  be 0 .622  ev 
Table  7. 
Resultant reactivities were  then converted into 
The effective cadmium cutoff energy, 
:;C 
f r o m  the tables of Stoughton et al. (11) Results a r e  given in 
.I 
‘.This energy  corresponds to a cadmium thickness of 0.062. in . ,  twice the 
ac tua l  wal l  thickness,  since a reactivity measurement  cannot distinguish be- 
tween a neutron captured in the sample and a neutron that leaves the sample 
and i s  t hen  captured in the cadmium sleeve. 
f o r  a react ivi ty  measurement  is thus twice that for an activation measurement .  
The effective cadmium thickness 
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P r i n c i p a l  
I so tope  
In S a m p l e  
N a t u r a l  
N a t u r a l  
N a t u r a l  
N a t u r a l  
182  (937’0) 
1 8 4  (947’0) 
186 ( 9 7 % )  
TABLE 7 
MEASURED E F F E C T I V E  RESONANCE INTEGRALS 
(above  0 .622  ev) OF  TUNGSTEN SAMPLES 
0 .  582 
0 .457  
0 .449  
0 .446  
0.452 
0 .460  
0.446 
Reac t iv i ty  
( d /mole )  
2.  527*0.016 
1.967*0.002 
1.930*0.001 
1.9173=0.001 
1. 759*0.001 
0. 724rtO. 003  
1.718*0.001 
-_ 
S p e c t r a l  
C o r r e c t i o n  
F a c t o r  
1.002*0.00 1 
0.996=k0.002 
0.996*0.002 
0.996*0.002 
1.044*0.022 
0 .956+0.022 
1.086*0.043 
E f f e c t i v e  R e s  onanc  e 
I n t e g r a l  § 
( b a r n s )  
36.0*0. 7 
27.8rtO. 5 
27.3*0. 5 
27.2*0. 5 
26. l*O.  7 
9 .84+0.28  
2 6 . M .  2 
:$See Table II-1 for other s a m p l e  p r o p e r t i e s .  
t E r r o r  in f is a s s u m e d  to be ( 1-f ) /2 .  
§ I n c l u d i n g 1  / v  con t r ibu t ion .  
D. E R R O R  ANALYSIS 
Quoted u n c e r t a i n t i e s  i n  t h e  reactivities l i s t e d  i n  T a b l e s  5 t h r o u g h  7 
were based on statistical a n a l y s e s  of the ind iv idua l  measurements and, f o r  
gold and tungsten, r e p r o d u c i b i l i t y  of repeated measurements. As a rule, 
reactivity uncertainties did n o t  c o n t r i b u t e  s ign i f i can t ly  t o  the final quoted 
uncertainties in e f f ec t ive  r e s o n a n c e  i n t e g r a l s .  
U n c e r t a i n t y  in the c a l i b r a t i o n  constant, C y  was the principal contribu- 
tor  t o  quoted e r rors  in the ef fec t ive  resonance i n t e g r a l s  for  n a t u r a l - t u n g s t e n  
samples. 
u n c e r t a i n t y  i n  the inf in i te ly  dilute gold r e s o n a n c e  i n t e g r a l  t o  w h i c h  Beller and 
Farrar’s  results w e r e  n o r m a l i z e d .  
This uncertainty amoun ted  t o  1. 7% a r i s i n g  almost e n t i r e l y  from 
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186 F o r  the other samples ,  notably W , the principal source  of e r r o r  
was the assumed uncertainty of ( f -  1)/2 in the spec t ra l  correct ion factor ,  f . 
This uncertainty assignment does not depend on the normalization of f ,  because 
the uncertainty in correct ion fac tor  f o r  sample - x is taken to  be the uncertainty 
in  the rat io  f /f 
gold sample. 
- 
- 
where f i s  the correction fac tor  for  the standardizing x Au’ Au 
For a sample a t  the center of the reac tor ,  internal moderation by the 
sample can not affect reactivity unless the neutron energy loss  caused by col- 
l ision with a sample nucleus is l a rge  enough that the importance of the neutron 
is significantly different f rom its value before the collision. This can occur 
only fo r  inelastic scattering. Other scattering effects on reactivity are  pro- 
portional t o  the gradients in f l u x  and importance, which a r e  essentially ze ro  
over the sample volume. Inelastic scattering occurs mainly above 0. 1 MeV; 
the flux of neutrons with this energy o r  higher is greatly reduced by the l a rge  
modera tor  region surrounding the sample,  so  that t he  inelastic- scattering 
effect on reactivity should be  small. 
resu l t s  of the two auxiliary experiments involving lead. 
lead sample was near ly  ze ro ,  being positive and only slightly l a r g e r  than the 
standard deviation of the measurement .  
reactivity of the 0.25-in. -d i am tungsten sample was unchanged by addition of a 
surrounding lead cylinder with 0.09Z-in. wall thickness. Internal moderation 
in the aluminum sample proved to  be completely negligible. 
This expectation i s  borne out by the 
The reactivity of the 
In the other lead measurements ,  the 
Inleakage of t he rma l  neutrons through the open ends of the cadmium 
cylinder caused negligible effects on sample reactivity. This was established 
by the  fact that in all cases  where samples were  measured  both with and with- 
out cadmium end caps,  the resultant reactivities agreed within experimental  
uncertaint ies .  In addition, solid-angle calculations indicate that the fraction of 
all incident thermal  neutrons that would cause a sample-dependent reactivity 
s ignal  is approximately 0.04%. 
Variation of axial  flux and importance over the sample length is  a l so  
negligible; the average value of the i r  product over the sample length differs  by 
only 0. l q o  f r o m  the value at the center.  
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T o  summar ize ,  the major contributors to uncertainty in measured 
effective resonance integrals are  uncertainties in the calibration constant 
and spec t ra l  correct ion factors .  
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IV. ELEVATED-TEMPERATURE MEASUREMENTS 
A. MEASUREMENTS B E L O W  1400°K 
1. Results 
Sample reactivit ies a s  functions of temperature  were  measured up to 
approximately 1 3 7 0 ° K  f o r  natural  tungsten, W1*2, and W186. 
were  made  up to  1000°K;  then a final run was made  on each sample to the 
182  maximum attainable temperature  of i ts  oven. 
measurements ,  the heating element of the oven burned out with the sample 
tempera ture  around 1 4 2 0 ° K ;  the W1 86 measurement  was terminated with the 
sample a t  a tempera ture  of 1 4 4 0 ° K  because of failure of the thermocouple 
attached to  the oven exter ior .  
i t s  maximum tempera ture  was limited to 1 0 0 0 ° K  by excessive outgassing during 
both runs.  
because the high-temperature phase of the program took priority.  
Repeated runs 
In both the natural  and W 
The W184 sample a r r ived  la te  in the p rogram;  
Its oven failed during bakeout f o r  the third run, and was not rebuilt 
An example of resu l t s  of a single run, together with a leas t - squares  f i t  
of the f o r m  P = a t b 6, was shown in Figure 6. 
in this f igure i s  typical, and calculated e r r o r s  of 2 to 3% in the coefficient b 
a r e  not uncommon. However, the run-to-run variation i s  l a rge r .  This var i -  
ation i s  tentatively attributed to variation in the goodness of vacuum, so that the 
empty-oven contribution may  be different f r o m  run to run. In fact ,  the average 
of a l l  measu red  empty-oven temperature  coefficients is essentially zero ,  but 
the run-to-run variation is l a r g e r  than f o r  sample measurements .  
m a t t e r  of experience that much m o r e  difficulty is encountered in getting and 
maintaining a good vacuum during bakeout of empty ovens during bakeout of 
ovens containing samples;  this is  probably because of the gettering action of 
tungsten at high tempera tures .  
The goodness of fit indicated 
- 
It is a 
Inasmuch a s  the empty-oven temperature  coefficient of reactivity was 
establ ished to be zero ,  it was not subtracted f r o m  sample tempera ture  coeffi- 
cient,  s ince  that procedure would increase the apparent e r r o r  in sample coef- 
f icients unreal is t ical ly .  The e r r o r  in  sample coefficients calculated f r o m  
deviations of individual runs f r o m  the mean should adequately descr ibe the 
var ia t ion due to varying oven contributions. 
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Resul ts  of the Doppler-coefficient runs below 1400°K a r e  summar ized  in 
Table 8 and a r e  plotted i n  F igures  8 through 11. 
calculated values of the Doppler increase  in effective resonance integral ,  fo r  
each sample and i t s  individual isotopes. 
methods discus sed in the next section. 
Also shown on the f igures  a r e  
These calculations were  done by 
Natural 
182 (93%) 
184 (94%) 
186 (97%) 
TABLE 8 
DOPPLER COEFFICIENTS O F  TUNGSTEN SAMPLES 
MEASURED BELOW 1 4 0 0 ° K  
0.4 57 
0.452 
0.460 
0.446 
Pr inc ipa l  I m*,$ 
Isotope 
i n  Sample (cm/gm 
1370 
1370 
1000 
1370 
0.0051 - t0 .0002 
0.00344t0.00014 - 
0.0031 9t0.00010 - 
0.00239t0.00008 - 
See Table 1 fo r  other sample propert ies  * 
2. E r r o r  Discussion 
Spec t r a1 
Correct ion 
Fac to r  
0.899tO .O 50 
0.905t0.048 
0 .got0 .O 5 
0.90tO .O 5 
- 
- 
- 
- 
dI/d 6 
(ba rns  / " K") 
0.066 - t 0.005 
0.044 3 - t 0 .O 0 3 1 
0.0408t - 0.0026 
0.0306t 0.0022 - 
The e r r o r s  indicated in Table 8 fo r  d p / d f i w e r e  derived f r o m  reproduc-  
ibil i ty of repeated runs ,  and ranged between 3 and 4%. 
to  the spec t r a l  cor rec t ion  br ings the final e r r o r  in  d I / d f i u p  to 6 to 7%. 
The 5 % e r r o r  ass igned 
The spec t r a l  cor rec t ion  factor is significantly sma l l e r  than unity because 
the Doppler effect t akes  place largely in  the higher  resonances,  well removed 
f r o m  the influence of the cadmium sleeve on flux and importance,  whereas  the 
react ivi ty  of the gold s tandard sample i s  depressed  somewhat by the cadmium. 
B. MEASUREMENTS EXTENDING ABOVE 1400°K 
Resul t s  of reactivity measurements  using the l a r g e  ovens a r e  shown in 
The pr incipal  difference f r o m  the small-oven r e su l t s  is  readily F i g u r e  12. 
appa ren t ;  it i s  the l a rge  and rapidly increasing reactivity coefficient of the empty 
oven. 
the  s h a r p  inc rease  a t  high tempera tures  may be related to increased  heat  l o s s e s ,  
The s imi la r i ty  in shape to  the power-vs- tempera ture  curve suggests that 
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with attendant high tempera tures  of oven components. F o r  the present ,  the 
empty-oven reactivity has  simply been subtracted f r o m  the natural-tungsten 
and tungsten-1 84 reactivit ies.  
least-squares  f i ts  of severa l  mathematical function were made to the empty- 
T o  c a r r y  out this procedure in an objective way, 
oven data,  with tempera ture  a s  independent variable and reactivity a s  dependent 
variable.  The fo rms  of the expressions used had no par t icular  physical signifi- 
cance,  but were chosen to  be monotonic and smoothly varying. 
At a given tempera ture ,  the e r r o r  in the empty-oven correction was es t i -  
mated f r o m  the spread in reactivities given by the different fo rms ,  since this 
spread was l a r g e r  than the e r r o r  calculated f r o m  e r r o r s  in the coefficients of 
any one expression. 
measurements  were made ,  the expressions agreed fair ly  well. 
expected f r o m  the appearance of the empty-oven curve , however, extrapolation 
to  2273 "K was impract ical ,  the different expressions giving widely varying 
r e  sults. 
F o r  interpolation between two points where empty-oven 
As  would be 
184 Results f o r  natural  tungsten and W af te r  making the empty-oven c o r r e c -  
tions a r e  shown in F igure  13, along with the leas t - squares  curves  f r o m  the 
small-oven resu l t s .  
obtained with the smal l  ovens, due mainly to the magnitude of the empty-oven 
correct ion;  both the uncorrected sample-oven reactivity change and the empty- 
oven reactivity change a r e  much l a rge r  than the difference between them. 
These results a r e  c lear ly  not of the quality of those 
Because of the presence of considerably m o r e  absorber  in the co re  ( l a rge r  
Cd sleeve plus reactivity shims in oscil lator tube),  the reactivity signal p e r  
sample atom was substantially reduced. The measured  reactivity of the 188-gm 
natural-tungsten sample a t  room temperature  was 1.21 d , compared with 1.92 4 
in  the previous core. 
both cores ,  spec t ra l  factors  were unchanged, and the  calibration constant for  
t h i s  c o r e  was given by (1.92/1.21) 14.22, o r  C = 22.6 mole-barns/k . 
Since the cadmium sleeves had the  same  thickness in 
184 
F o r  both the natural  and W samples ,  the measured points below 1400°K 
appea r  unreasonably low. 
too l a rge  a t  the lower temperatures .  
p e r a t u r e s  were higher for  a given empty-oven indicated temperature  ( a s  
It seems likely that the empty-oven subtraction was 
It was observed that oven-component t em-  
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Figure  13.  Results of Measurements up to  2273 OK After Empty-Oven 
Subtraction. (Least-squares  fits to  small-oven resu l t s  for 
same samples  a r e  a l so  shown, as  solid l ines  up to 
highest measured temperature  and a s  
dotted lines above. ) 
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measured by a thermocouple in the sample position) than for  the same temper-  
a ture  with a sample present.  These higher tempera tures ,  caused by different 
heat-loss r a t e s  with and without a sample,  would lead to a l a r g e r  oven reactivity 
with a sample absent than with i t  present.  Thus, too much reactivity would be 
subtracted f r o m  the total sample-plus-oven worth, and the net reactivity would 
be too low. 
At higher tempera tures ,  most of the power goes into heat l o s s e s ,  so that 
the presence o r  absence of the sample has  l e s s  effect on the tempera tures  of the 
oven components. 
measured points above 1400°K seem to bea r  out this contention. 
The subtraction should thus be more  near ly  cor rec t .  The 
Although it would be more  desirable  to find and eliminate the cause of the 
l a rge  oven reactivity effect, measurements  with these ovens could be improved 
by waiting until a l l  par t s  of the oven were a t  thermal  equilibrium before 
measuring the reactivity. 
In view of these considerations, a m o r e  reliable indication of the Doppler 
e f fec t  at high temperatures  will be obtained f rom using the values of d I / d f i  
measured  up to 1400°K in the small  ovens than f r o m  the resul ts  of measu re -  
ments  above 1400°K. 
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V.  COMPARISON OF EXPERIMENTAL AND CALCULATED RESULTS 
A. CALCULATIONAL METHODS 
1. Analytical 
Calculations of effective resonance integrals of samples a s  functions of 
tempera ture ,  geometry,  and composition were  car r ied  out mainly with the 
T R M - 1  code. (12)  
a s  input, this code computes Doppler-broadened effective resonance integrals 
and multigroup c ross  sections and their  t empera ture  dependence for hetero- 
geneous or  homogeneous resonance absorbers .  Contributions of negative- 
energy, resolved, and unresolved resonances and the 1 /v contribution a r e  
calculated. 
neighboring resonances i s  assumed. 
of Chernick and Vernon(13) with an additional improvement in treating the 
resolved resonances that was  developed by Goldstein and Cohen. (14) F o r  
most  resolved resonances,  the rat io  of the pract ical  width of the resonance 
to  the maximum energy 10s s of a resonance- energy neutron in an absorber  
collision is neither very smal l  (narrow-resonance approximation) nor ve ry  
l a rge  (wide- resonance or  infinite-mas s approximation) compared to unity. 
The variational method of Goldstein and Cohen with l inear  t r i a l  functions i s  
used to  determine the location of each resolved resonance between the two 
ex t r emes ;  the resu l t  i s  an analytic formula for each resonance. Unresolved 
resonance integrals a r e  calculated f r o m  averages over the statist ical  dis t r i -  
butions of scat ter ing widths, using input average parameters  f o r  s-wave and 
p-wave resonances.  
t i e s  in lumps,  applied individually to  each resonance, i s  employed. (15) Use of 
a rational approximation preserves  the equivalence relation between heterog- 
eneous and homogeneous abso rbe r s ,  and applying the improved approximation 
separa te ly  to  each individual resonance increases  the accuracy of both reso-  
nance in tegra l  and Doppler coefficient simultaneously. 
t ions of t he  simple Wigner approximation have applied the same correct ion 
t o  all resonances ,  improving the accuracy of either resonance integral  o r  
Doppler coefficient but not both. ) 
With resonance parameters ,  a tom densit ies,  and geometry 
The single-level Breit-Wigner l ine shape with no overlap of 
The method used i s  essentially that 
An improved rational approximation to  escape probabili- 
(Previous modifica- 
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2 .  Monte Carlo 
Monte Carlo calculations of the effective resonance integrals  of a 
s tandard-sized sample of na tura l  tungsten (0.438 in. diam, 4. 0 in. long) and 
a gold sample ( 0 .  235 in. diam, 3 . 7  in .  long) were performed as  a check on 
the analytical  calculations. This method did not requi re  approximations normally 
used in analytic methods,  such a s  the use of a spatially flat source  in calcula- 
ting sample  escape probabili t ies,  neglect of resonance overlap,  f lux recovery  
between resonances,  and the narrow-resonance approximation for  modera tor  
coll isions,  
Routines f rom a n  existing Monte Carlo reac tor  code ( 1 6 )  were used, 
modified s o  that only neutrons crossing the sample boundary were followed. 
This modification resul ted i n  greatly increased  efficiency. Pointwise c r o s s  
sect ions at 0 ° K  were prepared  f r o m  resonance p a r a m e t e r s  with the a id  of 
the UNICORN code; ( 7,  f rom these ,  Doppler - broadened r oom -tempe r a tu re  
c r o s s  sect ions were  calculated with the DOPCRS code. (18) 
B. RESONANCE PARAMETERS 
Libra r i e s  of resonance pa rame te r s  for the tungsten isotopes were con- 
182 
s t ruc ted  for  u se  in  TRIX-1 and the Monte Carlo calculation. F o r  W , 
w184 186 
nance p a r a m e t e r s  der ived f rom experiments  on separated tungsten 
isotopes.  (19) The W 
in  the project ,  the resu l t s  of low-energy capture measurements  on tungsten 
is  ot ope s be came available. (20) Adjustments were  made t o  s e v e r a l  of the low- 
ene rgy  p a r a m e t e r s  so that  the TRIX-1  calculation would generate  the 
m e a s u r e d  low-energy capture  c r o s s  sect ions.  
, and W these l ib rar ies  were  based p r imar i ly  on prel iminary r e s o -  
l i b ra ry  was based on previously existing data. La te r  183 
The adjusted resonance pa rame te r s  and other  necessary  nuclear data fo r  
u se  in TRIX-1 a re  presented in Table 9. 
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TABLE 9 
RESONANCE PARAMETERS FOR TUNGSTEN ISOTOPES 
~ ~ - 
+ Isotope 
18 2 
1 / 2  = 0.0171 ev  no 
?? = 0.055 ev  
= 6 0  e v  
Y 
Spin = 0 
apot = 5.0 b 
- - - - - - - _ _ - - - - - - - -  - 
= 0 . 0 1 6 8  ev172 
f o r  ne gative - ene r gy 
r e s o n a n c e  
* 'no 
r = 0.006 ev  1 / 2  
no - 
I? =10.075 ev 
Y 
= 15.0 e v  
Spin = 1 / 2  
o = 5.0 b 
Pot 
_ _ .  
Resonance 
Number 
0 
1 
2 
3 
4 
5 
-6 
7 
8 
9 
10 
11 
12 
13 
1 4  
1 5  
16  
17 
18 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10  
11 
1 2  
13 
14 
15  
16 
17 
18 
19 
20 
21 
- 26 
4 . 1 7  
2 1 . 1  
1 1 4 . 7  
214 
250 
28 2 
3 43 
3 78 
43 0 
48 6 
58 0 
6 58 
762 
922 
9 5  1 
1010 
1100 
1170 
7 .  68 
27.  1 
40.  6 
46. 1 
4 7 . 8  
6 6 . 0  
1 0 0 . 8  
1 0 3 . 8  
1 3 7 . 9  
1 4 4 . 2  
1 5 4 . 8  
1 5 7 . 1  
1 7 3 . 7  
1 9 2 . 1  
235 .5  
2 4 0 . 4  
2 4 3 . 4  
2 5 9 . 0  
280. 2 
2 9 7 . 6  
3 2 3 . 4  
-~ 
* 
0.00148 
0 . 0 4 0 1  
0 . 2 9 0  
0. 003 
1 . 1  
0.0029 
0 . 0 0 6  
0. 13 
0 .28  
0 . 5  
0 . 3  
0. 16 
0 .069  
0 . 4  
2 . 2  
0 . 4 9  
1 . 6  
0 . 4 8  
0. 001 74 
0 .0433 
0 .  0017 
0 .154  
0 . 1 1 5  
0.0016 
0 . 1 0  
0.012 
0.04 
0 .10  
0 . 4 0  
0.067 
0.13 
0.033 
0.022 
0 . 0 1 4  
0.019 
0 .066  
0 . 3 0  
0 . 0 4 4  
0 . 2 0  
~ - _ _ _  
0 . 0 5 5  
0 . 0 5 5  
0 . 0 5 5  
0. 055 
0 .  055 
0. 055 
0 . 0 5 5  
0 . 0 5 5  
0 . 0 5 5  
0 .  055 
0 .  055 
0 .  055 
0 .  055 
0.  055 
0 . 0 5 5  
0 . 0 5 5  
0 . 0 5 5  
0. 055 
0. 055 
0 .  082 
0. 082 
0 .  082 
0.  082 
0 .  082 
0. 082 
0.  082 
0 . 0 8 2  
0 . 0 8 2  
0 . 0 8 2  
0. 082 
0 . 0 8 2  
0 . 0 8 2  
0. 082 
0. 082 
0. 082 
0.  082 
0. 082 
0.  082, 
0 . 0 8 2  
0. 082 
g 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
-I_ 
3 /4 
3 / 4  
3 / 4  
3 / 4  
1 /4 
3 / 4  
3 / 4  
1 /4 
3/4 
1 /4 
1 /4 
3 /4 
3 /4 
3/4 
1 /4 
3 /4 
3 / 4  
3/4 
3 / 4  
3 / 4  
3 /4 
- F, a n d D ,  listed below each isotope, a r c  used in  'nor +The p a r a m e t e r s  calculating the contr-bution f rom unresolved r e  s onance s . 
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RESONANCE 
Isotope 
UT 183 (continued) 
184 
112 - ITno = 0.0285 e v  
P = 0.055 e v  
D = 100 e v  
- 
Y 
Spin = 0 
Pot 
CJ = 5.0 b 
- - - - - - - -- - - - -- c- - - 
* r 
f o r  ne gative -energy 
= 0.0285 ev 1/2 
I lO  
resonance 
w186 
rno = 0.01785 ev 
i7 = 0.055 ev 
1 /2  
- 
Y 
E = 95 ev 
Spin = 0 
0 = 5.0 b 
Pot 
PARAMETERS FOR TUNGSTEN ISOTOPES 
~ __ ~ (Continued) -- __-- 
g Resonance Energy rn  r Y  (ev)  Number ( ev )  
22 337 .2  0 .  035 0. 082 3 /4  
23 348 .3  1 0.17 1 0.082 3/4 
361 .4  0.039 1 0. 082 3/4 
391 .6  1 0.043 ' 0.082 3/4 
26 418 .7  ~ 0.057 i 0 .082  3 /4  
0 -80 c 0.055 j 1 
1 102.1 
2 184 .7  1 1 . 2  
3 244. 0 
4 311 j 0.075 I 
5 424 
7 787 ~ 0.06 ~ 0.055 I 1 
I 
I 
0.0041 i 0.055 1 1 
0.055 1 1 
1 
1 0.040 1 0 .055 
6 684 I 0.68 1 0.055 j 1 
8 8 0 2  ! 1 . 6  i 0.055 1 
9 961 1 1 . 6  0 .  055 1 
14 1410 1 2 . 7  0 .  055 1 
15 1430 ~ , 0 .25  ~ 0.055 1 
0 .  055 1 1  
10 1000 0 .14  0.055 1 
11 1090 3 . 4  0 .  055 1 
12  1140 0 .34  0 .  055 1 
13 1270 1 . 2  0 .  055 1 
0 .  055 1 
____ 
16 1520 
1800 17 ---___c___ 
1 1 18.83 1 0.266 0 .  052 
2 171. 5 0.027 0 .  055 1 
3 197. 6 0 .  0004 0 .  055 1 
4 218 0.53 0.055 1 
5 288 0.026 0 .  055 1 
6 407 0.075 0 .  055 1 
7 512 0.056 0 .  055 1 
8 5 43 0 .50  0.055 1 
9 666 0.75 0.055 1 
10 73 2 2 .2  0 .055  1 
11 83 5 0.017 0. 055 1 
12 968 1 .1  0 .055  1 
13 1080 0 .65  0.055 1 
14 1130 0 .45  0.055 1 
15 1190 0.77 0 .  055 1 
1 
1 
1 
1 
1 
1 
16 1420 0. 25 0.055 
1510 1 . 2  0 .  055 :8' I 1800 0.10 0 .  055 
1940 0.55 0.055 
0.40 0. 055 
21 21 20 0.11 0. 055 
5'0 1 2040 
~ _.__ ~ -I___ 
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I C. COMPARISON WITH EXPERIMENT 
The measurements  of effective resonance integrals  and Doppler coeffi- 
cients discussed in Sections 111 and IV can se rve  a s  t e s t s  f o r  any method of 
calculating these quantities. 
different degree  of dilution in each  sample,  a fa i r ly  wide range in dilution was 
covered by the samples  used.  
widths and energ ies  vary  substantially with dilution, with the high-energy 
resonances and the l / v  c r o s s  sections being par t icu lar ly  important fo r  thick 
samples  (low dilution). 
resonances higher  in energy than those that account for  most  of the resonance 
integral .  
Because each tungsten isotope exhibits a 
The contributions f r o m  resonances of var ious 
In addition, the Doppler effect resu l t s  mostly f r o m  
The calculational method tes ted h e r e ,  by comparison with the experimental  
r e su l t s ,  i s  TRIX-1. 
with experimental  resu l t s  fo r  resonance integrals  and Doppler coefficients of 
u ran ium and thor ium meta l  and oxides,  with good agreement .  
Results f r o m  this method have previously been compared 
More recent ly ,  measu remen t s  of the resonance integral  of plane samples  
of gold ove r  a wide range of sample thickness have been compared with TRIX-1 
calculations.  ( 6 )  The calculated resu l t s  a r e  about 370 low over the ent i re  range. 
Although this  i s  reasonably good agreement ,  the calculated value of I for  the 
one thick cyl indrical  sample measu red  (d*= 0 .  6024) was more than 2070high. 
It t he re fo re  appea r s  that a problem exis ts  in the application of TRIX methods 
to  optically thick samples .  F o r  this reason,  a Monte Carlo calculation o f l  
was per formed f o r  this sample ,  i n  the manner  discussed on page 47  . The 
r e su l t ,  64.3*1.4 b a r n s ,  a g r e e s  with the measu red  value of 63. 8*1. 3 barns .  
1. Effective Resonance In tegra ls  
Resul t s  of TFUX-1 calculations of the effective resonance integral  of one 
natural-tungsten and th ree  enriched-tungsten samples ,  all nominally 0.438 in. 
d i a m  by 4 in. long, a r e  presented in Table 10. 
Table 7 a r e  repeated h e r e  f o r  convenience. 
Experimental  r e su l t s  from 
The TRIX-1 c r o s s  sections in 
~~ ~~ J. -I- 
Both the or iginal  Monte Carlo code and the modifications were  writ ten by 
L. B. Levit t .  Because work on the code was terminated at an ear ly  s tage,  
and because  the vers ion  available a t  that stage has  not been thoroughly tes ted ,  
the above resu l t s  mus t  be regarded a s  pre l iminary .  
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the low-energy groups have been cor rec ted  for  self-shielding of the l / v  c r o s s  
sections with monoenergetic t ranspor t  theory applied to  each group, and for  
the change in l / v  c r o s s  section between the lower energy limit of the TRIX-1 
calculation (0.414 ev)  and the assumed lower energy limit of the m e a s u r e -  
ments  (0. 622 ev) .  
Pr inc ipa l  
Isotope 
in Sample 
TABLE 10 
COMPARISON O F  MEASURED RESONANCE INTEGRALS 
O F  TUNGSTEN SAMPLES WITH TRIX-1 
m* 
( cm/  g m  1 / 2 )  
1 
Natura l  
w182(93.4%) 
w'84(94. 4%) 
W l B 6 ( 9 7 .  1%) 
0.457 
0.452 
0.460 
0.446 
CALCULATED VALUES 
Isotopic Contribution to It 
182 
4 6 . 9  
38.8  
169.0 
234.8 
(barn 
183 
66 .4  
132.3 
163.9 
220.3 
/a tom) 
184 
4 . 7  
9 . 2  
3 .63  
10.1  
186 
49.1 
155 .4  
123.3 
3 3 . 9  
Sample I 
(ba rns  1 
Calculated 9 Experimental  
3 3 . 0  
32 .  7 
11.40 
32.6 
27 .8  * O .  5 
26. 1 *O. 7 
9.84 *O. 28 
26. 5 *l. 2 
'::Other sample proper t ies  a r e  given in Tablr  1.  
? F o r  individual isotopic contributions,  lower energy l imi t  was 0.414 ev and l / v  c r o s s  section 
§Total  calculated sample  resonance integral  was adjusted to lower energy limit of 0.622 ev 
was  not self-shielded. 
and l / v  c r o s s  sect ions w e r e  self-shielded. 
In addition to  the above resu l t s ,  the effective resonance integral  of the 
natural-tungsten sample f r o m  0.414 to 454 ev  was a l so  calculated with the 
Monte Car lo  method discussed previously,  with the resul t  27.7 *l .O barns .  
To  compare  with experiment ,  1.4 b was subtracted f o r  the l / v  contribution 
f r o m  0.414 to 0.622 ev and 3.2 b (TRIX-1) was added for  the unresolved 
r e sonances ,  with the resul t  29.5 * l . O  b a r n s .  
The r e su l t s  given in Table 10 confirm the suspicion that for  thick samples ,  
The re  a r e  two known effects s o m e  shortcomings exist  in the TRIX-1 methods.  
which can be es t imatcd ,  however. F i r s t ,  the Monte Carlo calculations of 
NASA- CR - 72229 
AI- 67 - 93 
51 
Westfall,  who compared calculations of - I fo r  natural-tungsten samples  with 
the sum of the isotopic contributions in the sample ,  indicate the existence of 
significant resonance overlap in  thick samples .  ( 2 1 )  This was confirmed by a 
rough est imate  of the overlap effect of the l a rge  18.8-ev W 
the nearby 21.1-ev resonance in W 
es t imate  indicated that 1 .8  b should be subtracted f r o m  the calculated value of 
- I for  the natural-tungsten sample for  just this one resonance p a i r .  Westfal l ' s  
work indicates that  calculations not allowing f o r  overlap will be about 15,% high 
a t  this  S/'M; this would account for  most  of the TRIX-1 overest imate  for  
natural  tungsten. The Monte Carlo calculation, through somewhat higher 
than experiment ,  tends to confirm this resu l t .  
186 
( 2 2 )  This using Ke lbe r ' s  method. 
resonance on 
182 
The second effect, fa i lure  of the f la t -source approximation for  neutrons 
sca t te red  in  the sample,  i s  important only for  such highly scat ter ing r e s o -  
nances a s  the 18.8-ev resonance in  W186.  This resonance was used by Cohen 
in a quantitative examination of e r r o r  due to  the flat- source  approximation. ( 2 3 )  
F o r  an  S/M of 0 .5 ,  the effective resonance integral  of the 18.8-ev resonance 
was overes t imated  by a lmost  20%. 
r e su l t s  were  -4.2 b for  the W186 sample and - 1 . 9  b for  the natural  sample .  
Correct ions est imated f r o m  Cohen's 
Taken together ,  these  est imated correct ions remove most  of the d iscrep-  
186 ancy between experiment  and TRIX-1 for the natural-tungsten and W 
s a m p l e s ,  but shed no light on the overest imates  for  the other  two samples .  
T h e r e  appear  t o  be  two remaining possibi l i t ies .  F i r s t  i s  the possible 
f a i l u r e  of other  approximations in the TRIX-1 formulation. 
i s  a s sumed  that all resonances  a r e  nar row with respec t  to  the maximum 
energy  l o s s  of a resonance-energy neutron in a modera to r  collision. 
should b e  distinguished f r o m  the usual  nar row-resonance  approximation, 
which r e f e r s  to  abso rbe r  coll isions.  ) F o r  carbon modera to r ,  this  assumption 
is violated significantly f o r  some of the lowest tungsten resonances and the 
pr inc ipa l  gold resonance a s  well. 
dep res s ion  below 1/E behavior of the flux acting a s  source  for  some 
resonance-energy  neutrons,  and also to some modera tor  flux despress ion .  
Both effects  would resul t  in lower resonance absorption than calculated.  
F o r  example,  i t  
(This  
Fa i lure  of this  approximation would lead to  
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The second possibility involves interpretation of the experiment .  If the 
t rue  cadmium-cutoff energy werehigher  than 0 . 6 2 2  ev,  a sma l l e r  f ract ion of 
the l / v  c r o s s  section would be measured than calculated.  In thick samples  
such a s  these ,  the l / v  c r o s s  section can be a s  high a s  4 0 ' ~  of the total  r e s o -  
nance integral .  
uncertainty of 1 b f o r  the W 
fo r  the other  tungsten samples .  
dilute l / v  abso rbe r .  
deviations a r e  in opposing direct ions,  making the t rue  cutoff energy difficult 
to de te rmine .  
t ions.  
An uncertainty of 0 . 1  ev in cutoff energy would give r i s e  to an 
186 184 
sample,  0 .1  b f o r  the W sample ,  and 0 . 5  b 
The 0.622-ev cutoff i s  based on an infinitely 
The samples  used deviated f r o m  both idea ls ,  but the 
Spectral  correct ions tend to reduce the effects of these devia-  
Since one o r  both of these e f fec ts  apply to  calculations for  a l l  the samples ,  
i t  i s  possible that the i r  inclusion might again inc rease  the discrepancies  for  
the natural  and W I 8 '  s amples .  
the differences between calculation and experiment;  the TRIX- 1 method simply 
needs  fur ther  development. 
Thus,  no one effect i s  likely to explain a l l  of 
2. Doppler Coefficients 
Calculated inc reases  in effective resonance integrals  of both samples  and 
individual isotopes due to Doppler broadeiiiiig a r e  given in Table 11  for  a 
t empera tu re  inc rease  of 1000°K.  
resonance in tegra ls  a r e  given for t empera tu re  inc reases  of 500 ,  1000 ,  and 
1500°K.  F r o m  these ,  values of the Doppler coefficient, defined h e r e  a s  
d I / d c  where T is  sample absolute t empera tu re ,  were  calculated.  
values  a r e  presented in Table 13  a s  a function of t empera tu re  change. 
0 t empera ture  dependence of the Doppler effect were  exact ,  d I / d f i w o u l d  be 
a constant as fi is var ied.  
In Table 1 2 ,  calculated inc reases  in sample 
These 
If the 
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T A B L E  11 
C A L C U L A T E D  INCREASES IN  E F F E C T I V E  RESONANCE INTEGRALS 
DUE T O  T E M P E R A T U R E  INCREASE F R O M  293 T O  1293°K 
0 . 5 7  
3 .  14  
1 . 9 4  
0 . 3 3  
P r i n c  ipa  I 
1 .  550 
0 . 8 6 2  
0 . 9 7 8  
0 . 7 0 6  
I so tope  
in  S a m p l e  
P r i n c ipa 1 
Isotope 
in  Sample 
Natura l  
w182  
w184 
w186  
~~ 
I so top ic  Cont r ibu t ion  t o  AI I 
I (T)  - I (293)  
(barns)  
T = 793 "K T = 1293°K T = 1793°K 
0 .906  1 . 5 5 0  2.  087 
0 . 4 9 1  0 . 8 6 2  1 . 1 6 4  
0 .578  0.987 1 . 3 1 0  
0 . 4 2 4  0 . 7 0 6  0 . 9 2 7  
N a t u r a l  
w182  
w184 
w186 
1 .  26 
0.  42 
22. 28 
3 4 . 4 0  
A ( b a r n s / a t o m )  
183 
6 . 3 4  
1 5 . 4 4  
1 9 . 4 4  
2 2 . 3 4  
184 
0 . 4 9  
0 . 5 3  
0 . 3 0 0  
0 . 4 5  
A I  f o r  S a m p l e  
(ba rns )  
T A B L E  12  
C A L C U L A T E D  INCREASES IN S A M P L E  E F F E C T I V E  RESONANCE 
INTEGRALS A T  VARIOUS T E M P E R A T U R E S  
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TABLE 13 
CALCULATED VALUES O F  DOPPLER COEFFICIENT 
OVER VARYING TEMPERATURE RANGES 
_ _ _ _ _ _  
[I(") - I(293] /( d? - &%) 
Pr inc ipa l  I 
Pr inc ipa l  
Isotope 
Isotope 
in Sample 
Natural  0.457 
0.452 w182 
0.460 w184 
T = 793°K 
0.0823 0.066 *O. 005 
0.0458 0.0443 * O .  003 1 
0 .  0523 0.0408 *O. 0026 
Natural 
~ 
0.0821 
0.  0445 
0 .  0523 
0 .  0384 
___ I - __ 
~ 
(barns/  OK 1/2) 
T = 1293°K 
- 
0 . 0 8 2 2  
0.0457 
0.0524 
0 .  0375 
_.___ 
~ ~~ 
T = 1793°K 
0.0826 
0.0462 
0 .  0523 
0 .  0386 
Calculated values of the Doppler coefficient are  compared with measured  
values ( f rom Table 8) in  Table 14. 
s a m e  tempera ture  range a s  the experiment, where necessary,  by interpolation 
between values given in Table 13. 
The calculated values a re  adjusted t o  the 
TABLE 14 
COMPARISON O F  MEASURED AND CALCULATED VALUES OF DOPPLER 
COEFFICIENT FOR TEMPERATURES U P  TO 1400°K 
Upper 
T e m D e  r a t u r e  
f d I / d f i  (barns /"K 1/2) 
1370 
1370 
1000 
1370 
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The Doppler coefficients of all samples except W182 a r e  thus significantly 
overestimated by the calculations. 
The Doppler coefficient would not be affected by failure of those par t icular  
assumptions suggested previously a s  possible causes for calculated over- 
es t imates  of effective resonance integrals,  because the broad, low-lying 
resonances involved do not contribute significantly to the Doppler e f fec t .  
Likewise, uncertainty in the cadmium-cutoff energy would not affect the 
Doppler coefficient, since there  is essentially no change with temperature  
of the cross-sect ion shape near  cutoff. 
to be too well separated for resonance overlap to  be significant, but this 
point has not been investigated quantitatively. 
The reasons for  this resu l t  a r e  not known. 
Most contributing resonances appear 
Probably the principal source of uncertainty in calculations of the Doppler 
effect  is uncertainties in resonance parameters  for the contributing resonances I 
Because these resonances a r e  smal le r  than the low-lying ones,  their  param-  
e t e r s  cannot be determined a s  accurately;  indeed, a substantial  f ract ion of 
the Doppler effect in thick samples  such a s  those used in these experiments 
comes f r o m  the unresolved resonances.  
The empir ica l  fi dependence of resonance absorption, usually assumed 
f o r  thermal  reac tors ,  was verified by measurements  car r ied  out during this 
program for  sample temperatures  up to 1 4 0 0 ° K .  The best-fitting value of Y 
in the relation 
I = a t bT1-Y . . . ( 3 )  
was determined separately f o r  each run, and seldom differed f r o m  1/2 by 
m o r e  than 0.1. 
to determine y,  but did not contradict the conclusion that y = 1/2. 
be seen f r o m  Table 13, calculated values of the sample Doppler coefficients 
ag reed  well with the fi l aw .  
Measurements  between 1400 and 2273°K were too inaccurate 
A s  can 
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V I  CONCLUSIONS 
A s  outlined in the Introduction (Section I), the objective of this investigation 
was to  measu re  Doppler coefficients and effective resonance integrals  of 
natural  and enriched tungsten samples to  a s  high a tempera ture  as  possible ,  
in a 1/E spec t rum.  
coefficients of natural-tungsten, W182,  and W186 samples  up to  1 3 7 0 ° K  and 
of the W184 sample up to  1000"K,  this objective has been achieved. 
With the obtaining of accura te  measurements  of Doppler 
Because of the l a rge  Doppler effect in W183 and the s t rong self-shielding 
of the major  isotope, m o r e  than half of the calculated Doppler effect in each  
of the three enriched-tungsten samples was contributed by the "impurity" 
tungsten isotopes,  having atom fractions totaling l e s s  than 7% in each sample .  
This resu l t  emphasizes  the necessity of not neglecting any isotopes of low 
concentration when calculating the Doppler coefficient of reac tor  fuel. 
suggests  that possible ar t i f ic ia l  enhancement of the fuel tempera ture  coefficient 
of react ivi ty  by introducing mater ia ls  with l a rge  Doppler coefficients into the 
fuel, as suggested i n  some reac tor  designs,  may r equ i r e  much smaller amounts  
of ma te r i a l  than would normally be est imated.  
It a l so  
Wi th  regard  to  experimental  techniques, it was determined that the 
dynamic o r  power-his tory method of measur ing  reactivity,  previously used 
only for  routine measurements  such a s  rod calibration, was capable of 
ref inement  to  the point where the precision of smal l - sample  reactivity 
measu remen t s  approached the theoretical  limit set by reac tor  noise.  
a l s o  demonstrated that the smal l ,  sealed-off ovens developed for  heating 
samples i n  a fast critical assembly could be used in a 1/E spec t rum in a 
t h e r m a l  c r i t i ca l  assembly  while introducing v e r y  little reactivity variation 
with tempera ture ,  principally because of the small amounts of extraneous 
material and the low power requirements (100 watts for  1370°K)  of these 
ovens.  
It w a s  
The  calculational procedure used during this p r o g r a m  w a s  found to  
overes t imate  both resonance integrals and Doppler coefficients by a s  much 
a s  25'70 for  solile sal-nples. Overestimation of the Doppler effect m a y  be due 
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to  uncertainties in  resonance pa rame te r s ,  par t icu lar ly  in  the unresolved 
region, as  the calculated Doppler coefficient is very  sensi t ive to these 
pa rame te r s .  
source approximation in W 
calculated resonance integrals  fo r  these two samples .  
the discrepancies in other samples  include uncertainty in  the cadmium-cutoff 
energy  and fa i lure ,  in  broad resonances,  of the narrow-resonance approxi- 
mation f o r  moderator  sca t te r ing .  It is unlikely that any one effect  i s  solely 
responsible for  these discrepancies .  Indeed, it is  possible that consistent 
application of additional corrections to calculations fo r  all samples  might 
invalidate the near-agreement  achieved for natural  tungsten and W186 by cor- 
rect ing only for resonance overlap and spatial source variation. It thus appears  
that  the TRIX- 1 methods, originally intended for survey calculations because of 
speed and convenience, need fur ther  development i f  detailed agreement  with 
experiment  is expected. 
Resonance overlap in natural  tungsten and fa i lure  of the flat- 
186 can account fo r  mos t  of the discrepancy in  
Possible  sources  f o r  
Probably the m o s t  significant conclusion t o  be drawn f r o m  these mea- 
su remen t s  concerns the tempera ture  dependence of the Doppler coefficient 
in  a 1/E spec t rum.  
ovens w a s  sufficient, over the temperature  range 3 0 0  to 1 3 7 0 ° K  (1000°K fo r  
w184 
The accuracy  of measurements  made with the small 
1, t o  allow making a clearcut  choice between the f o r m  
I = a t b m  . . . (4)  
suggested by  the resu l t s  of many calculations, and the older  f o r m  
I = a t b T ,  . . .  (5)  
which could not be ruled out en t i re ly  by  previous measurements .  
of this experiment  c lear ly  favor the square-root  f o r m  of the Doppler tempera-  
t u r e  dependence. 
The r e su l t s  
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VII, APPENDICES 
A. CALCULATED CORRECTIONS TO EXPERIMENTAL RESULTS 
1. Spectrum Calculations 
Spectra  of the r e a l  and adjoint neutron fluxes at the sample position w e r e  
obtained f r o m  a 15-group, one-dimensional analysis of the SGR-CA 10.6-in. 
lattice. Thermal-group constants were obtained f r o m  a previous THERMOS 
analysis by F i l lmore .  (24 )  The l i b ra ry  value of the the rma l  absorption c r o s s  
section f o r  graphite was adjusted to the value measu red  by DeJuren and 
Stewart(25) for  the par t icu lar  AGOT graphite in the SGR-CA. In each fas t  
group, the value of v f o r  U238 was adjusted to mock up the t ransport- theory 
cor rec t ion  t o  fast f iss ion in  a la t t ice .  ( 2 6 )  Group c r o s s  sections f o r  U235 and 
U238 in the resonance region were calculated with TRIX. 
The 15-group analysis was done with CAESAR, ( 2 7 )  a multigroup diffusion- 
theory  code. 
‘eff 
calculation was 20. 0 fuel e lements ,  which agreed well with the actual  loading 
of 1 9 . 4  e lements .  (Although the standard loading in  this lattice was 21 
e lements ,  each of the th ree  outer elements was only par t ia l ly  loaded with fuel.  ) 
Quantities calculated included neutron lifetime ( 1 .240  msec), 
The critical loading resulting f r o m  this (0.007035), and critical s ize .  
These  calculations were performed with a 1 , 3 3  -in. -diam cent ra l  axial 
void i n  the SGR-CA, both with and without a cadmium sleeve,  1 .33  in.  OD 
and 1.27 in. ID. Because the calculation w a s  one-dimensional, the sleeve 
was implicit ly assumed t o  have the f u l l  core  height, 96  in .  
sleeve height was only 6 i n . ,  it follows f r o m  both solid-angle arguments  and 
the r e s u l t s  of experiments with and without cadmium end caps that this approxi- 
mation should not lead t o  appreciable e r r o r .  
d i scussed  in Section 111-D. ) 
Although the ac tua l  
(The possible extent of e r r o r  i s  
The  resulting spec t ra  of the real flux and adjoint flux (importance) at the 
sample  position a r e  presented in Table 15. 
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TABLE 1 5  
CALCULATED SGR-CA NEUTRON SPECTRA AT SAMPLE POSITION 
Group 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15  
Jpper Energy 
Limit 
10.0 Mev 
3.0 Mev 
1.4 Mev 
0.9 Mev 
0.4 Mev 
0.1 Mev 
17. kev 
3.354 kev 
454. ev 
61.44 ev 
22.6 ev 
8.3 ev 
3.06 ev 
1.126 ev 
0.414 ev 
__ _____ 
No Cadmium Sleeve 
*t l e a l  Flux 
0.0732 
0.6784 
0.8031 
1.1908 
0.7930 
0.8580 
0.9241 
0.9 742 
0.9964 
1 .oooo 
0.9977 
0.9888 
0.9767 
0.9631 
- 
Adjoint Flux* 
0.8453 
0.8335 
0.8494 
0.8672 
0.8942 
0.9138 
0.9348 
0.9539 
0.9775 
1 .oooo 
1.0087 
1.0146 
1.0168 
1.0152 
- 
___ 
I____ -__- 
Cadmium Sleeve ~- 
* t  Real  Flux 
0.0723 
0.6675 
0.7914 
1.1811 
0.7890 
0.8521 
0.9140 
0.9618 
0.9866 
1 .oooo 
1.0094 
1.0047 
0.9702 
0.4696 
L 
________ 
Adjoint Flux* 
1.0850 
1.0528 
1.0453 
1.0513 
1.0568 
1.0538 
1.0463 
1.0377 
1.0242 
1 .oooo 
0.9671 
0.9005 
0.7700 
0.3568 
- 
* Relative t o  Group 10 
t P e r  unit  le thargy 
The  cadmium sleeve was put into the calculational model  explicit ly.  Ten 
mesh points were used a c r o s s  its 0.03 1 -in.  thickness. 
c r o s s  sect ion was calculated by averaging pointwise data over a carbon spec- 
t r u m  calculated with TEMPEST. (28)  Cross  sections fo r  both groups 15 and 
14 were  multiplied by a factor  of 0.86 to c o r r e c t  f o r  the difference i n  flux 
depres s ion  between diffusion theory and t ranspor t  theory.  
computed f r o m  a model consisting of an  infinite slab of cadmium in a n  infinite 
graphite medium. 
118, and 4 .0  b, for  groups 15, 14, and 13, respectively. Cross  sections f o r  
the low ep i thermal  groups (12-14) were obtained by averaging pointwise data 
The the rma l  (group 15) 
This f ac to r  was  
The f inal  values of aa (Cd)  put into CAESAR were 2600, 
NASA- CR - 722 2 9 
AI -67 -93 
60 
f rom the Aldermaston nuclear-data tape over a 1/E spec t rum.  
for  higher-energy groups were averaged over a carbon spec t rum calculated 
with F O R M .  ( 2 9 )  The cadmium resonance integral  was assumed to  be 4070 of 
its infinitely dilute value;  resu l t s  a r e  insensit ive t o  this  assumption. 
Cross  sections 
The mos t  significant effect of the cadmium on the spectra  i s  seen  in  
Table 15 to be the reduction of the importance function for  the low-energy 
epi thermal  groups. 
a n  epi thermal  neutron in  the sleeve has  a good chance of returning to  the 
sleeve and being captured a s  a the rma l  neutron a f te r  severa l  collisions in 
the graphi te ,  r a the r  than causing a f iss ion in  one of the neares t  fuel e lements ,  
nine inches away. 
and position is proportional t o  the probability that that  neutron wi l l  eventually 
cause a f i ss ion . )  
This reduction is  readily understood on physical grounds: 
(Recall  that the importance of a neutron with a given energy 
2 .  Spectral  Corrections 
The effective resonance integral ,  I, is defined a s  the c r o s s  section that  
yields the c o r r e c t  absorption r a t e  i n  the resonance region when multiplied 
by the unperturbed flux per unit lethargy in the resonance region, assumed 
to be constant (i. e . ,  proportional to  1/E on the energy sca l e ) .  Thus, 
. . . ( 6 )  
where $o is the constant flux per  unit lethargy in  the absence of the absorber ,  
u = an( 10  /E)  i s  the lethargy, r (u )  is the absorber  c r o s s  section, and G ( m )  
is a flux-reduction factor  accounting for  self-shielding in  the absorber  volume. 
The right-hand side of Equation ( 6 )  is  t h e  total  absorption r a t e  in the lethargy 
region below some cutoff u 
7 
(above the cutoff energy E ) .  
C C 
The react ivi ty  change caused when a sample of resonance absorber  is 
placed in a cadmium shield in a reac tor  is  given by 
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0 
where C is a proportionality constant, t#P’ is the importance,  and uc is the 
cutoff lethargy defined by the cadmium shield. 
independent of lethargy, the reactivity p will  be directly proportional to  the 
effective resonance integral  of the sample.  
Clearly, i f  both $ and $ ’’ a r e  
Define a quantity J =  C p ,  assuming C is known. J is near ly  equal to I 
i f  the r eac t a r  has an approximately 1/E energy  spectrum and lethargy- 
independent importance.  
quantity that multiplies the wrong answer (J)  to give the right answer (I), 
thus: I =  fJ. 
The spectral  correction factor ,  - f ,  i s  defined a s  the 
At present ,  can be determined only analytically, by calculating I f rom 
the resonance pa rame te r s  and sample size and J from the calculated I(u) and 
the calculated spec t rum $(u)$*(u). 
shielding factor G(a) be incorporated into a n  effective c ros s  section u(u). 
Then 
L e t $ ( u )  = $(u)qP(u) and le t  the self-  
. . . (8) 
where + o  is the normalizing factor  for 4 and the integrals have the same 
limits a s  before.  
The calibration constant C i s  determined experimentally by measur ing  
P f o r  a sample  with known I and correcting the result  with a calculated 
value of f : - 
where the subscr ipt  - s r e fe r s  to  the standardizing sample.  
sample - x ,  I x=  fxCpx, o r  
For an  unknown 
NASA -CR-72229 
AI-67-93 
62 
. . . ( 1 0 )  
s o  that the normalization + o  in - f cancels out, and i t s  choice is a rb i t r a ry .  
The choice made he re  was to  normalize + to the total  lethargy width over 
which - f was calculated, namely groups 7 through 14 of Table 1 5  ( 1 7  kev to 
0.414 ev). 
Correction factors  for this experiment were calculated with Equation (8) 
above, using @ and @ ': f rom Table 15 and multigroup c r o s s  sections calculated 
with TRIX-1. 
It is difficult t o  es t imate  e r r o r s  in these spec t ra l  correct ion fac tors .  
There  will be par t ia l  e r r o r  cancellation, since a l l  calculated quantities 
( + ( u ) ,  us(u),  and u (u) )  appear  under integral  signs in both numerator and 
denominator of the right-hand side of Equation (10). 
Foe11 indicates that  diffusion theory overest imates  the importance depression 
caused by cadmium in  the ARMF-LI cr i t ical  assembly.  ( 3 0 y  31) If this i s  t rue  
in  general ,  correct ion factors  calculated with t ransport  theory would be c loser  
to unity than those computed f r o m  the spectra  given in Table 15, even though 
the la t te r  resulted f rom cadmium c ross  sections adjusted to  agree  with a 
t ranspor t  calculation. 
X 
Work by Kaufman and 
3 .  Miscellaneous Effects 
a .  Thermal  ExDansion 
Therma l  expansion of the sample increases  its total  absorption by de- 
c reas ing  the self-shielding of both the resonance and l/v c ros s  sections. 
Es t imates  of the self-shielding decrease  of the l/v portion were made with 
the aid of Wigner 's  rational approximation to  the escape probability of a 
lump.  ( 3 2 )  
With the notation used in this repor t ,  this approximation takes the form 
1 
G ( E ) =  1 t cr(E)/s ' . . . (11) 
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If this expression for G is substituted into Equation ( 6 )  with a l/v energy 
dependence of u, the resul t  of the integration gives the approximate contri-  
bution of the 1/v c ros s  section, Iv, to the total  effective resonance integral ,  
This resul t  is  
, 
I ( s ,  Ec)  = 2 s  ln(1 t uc/s),  . . . (12) 
V 
where u 
E c ,  
is the value of the l/v c r o s s  section at the cadmium-cutoff energy 
C 
Differentiation leads to  the approximate resu l t  
. . . (13) 
where a is  the l inear  thermal-expansion coefficient. 
The thermal-expansion coefficients of I were estimated for  the tungsten 
samples  with Equation (13) and yielded results that were smal l  compared with 
experimental  e r r o r s  in the Doppler coefficients. 
V 
Thermal-expansion effects on I were estimated f r o m  the calculated 
dependence of I on - s and the relation 
. .  - -  C I S  - 2 a s  , 
dT . (14) 
These r e s u l t s  were a l so  small compared with experimental  e r r o r s .  
b .  Self-shielding of l/v Cross  Sections 
In m o s t  resonance-integral  codes, the l /v  contribution to the resonance 
__ - 
in tegra l  ( o r  t o  the group c ross  sections) i s  assumed to  be infinitely dilute. 
Thus,  the effective resonance integral  consists of a l a rge ,  geometry- 
dependent t e r m  and a small ,  additive, constant t e rm.  Although this 
approximation is  excellent in most  cases ,  it is obviously not v e r y  good 
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when the lump i s  s o  thick that the l/v contribution is a reasonable fraction of 
the total calculated resonance integral .  
tungsten samples .  
This is the case  for  s tandard-sized 
Equation (12) was used to estimate the self-shielding decrease  of I in 
This method w a s  not used 
V 
natural  tungsten, which turned out t o  be 0.73 b .  
in  the TRIX-1 calculations, however. Instead, self-shielding correct ions 
were computed with monoenergetic t ranspor t  theory fo r  each energy group 
in which the l/v c r o s s  section was appreciable.  
B. DESCRIPTIONS O F  DATA-ANALYSIS CODES 
1. RHOAV - A Code to Calculate Average Reactivity 
Differences f rom Reactor Power Changes 
The code REOAV, written in FORTRAN IV,  was used to  analyze near ly  
~~ - __ ~ - 
a l l  data produced in this project. 
assembly during slow oscillation of the sample,  this code calculated the 
reactivity a t  each t ime step,  the average reactivity and standard deviation 
for each half-cycle of oscillation, the average and standard deviation of the 
reactivity difference between sample-in and sample-out positions for  each 
complete cycle and  for  each equiphase point in a l l  cycles,  and finally the 
weighted mean,  internal,  and external e r r o r s  f o r  the reactivity difference 
over a l l  cycles .  
code, ( 9 )  used mainly f o r  rod calibrations and other routine reactivity 
measurements  of smal l  reactivity changes. 
kinetic equations a r e  transformed into the following integrodifferential equation: 
F r o m  the power his tory of the c r i t i ca l  
RHOAV is the result  of modifying an  existing reactivity 
The usual source- f ree  r eac to r -  
where p is the reactivity, F is the effective delayed-neutron fraction, k is the 
effective multiplication constant, n i s  the number of neutrons in the reac tor  
( o r  a quantity proportional to it), P is  the neutron lifetime and a 
re la t ive  abundance and decay constant of the i- p recu r so r  group. 
X .  a r e  the i’ 1 
th 
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Thus, the reactivity in dol lars  ( p / p )  can be found f rom multichannel- 
analyzer data yielding n( t )  in a quantized fo rm.  
out only once for  each channel; this answer is then saved to  be used in the 
next t ime s tep .  
require  a nonconstant n( t )  in the integral  a c r o s s  a channel; in RHOAV, n( t )  
in the m- channel is approximated by a n  exponential whose slope is de t e r -  
th th mined f rom the number of counts in the (mt1)- and (m-1)- channels and 
whose amplitude is such that the integral  over n(t)  in the m- channel equals 
the number of counts in that channel. 
The t ime in tegra l  is c a r r i e d  
The relatively wide (2-sec)  channels used in this experiment 
th  
th 
In a typical osci l la tor  run with a 400-channel analyzer,  some 225 channels 
yield useful information, the remainder  corresponding t o  t imes  when the 
osci l la tor  was moving. The reactivit ies calculated fo r  each of these 225 
channels a r e  used to compute the average in-out react ivi ty  difference and 
its s tandard deviation. 
statistical information about consistency of individual cycles with the mean  
and about possible time-dependent o r  phase-dependent t r ends .  
They a r e  a l so  combined in  various ways to yield 
F igu res  14 through 17 a r e  examples of graphical output f r o m  RHOAV. 
Running time on the IBM 7094 is  approximately 7 sec p e r  400-channel 
c a s e .  
2. D O P F I f  - A Code to Determine the Best-Fitting Tempera ture  ~- - ~~ ____ -~ 
Dependence for  the Doppler Effect 
Once the react ivi ty  of a sample was determined at a number of t empera-  
___ _ ~ _ ~ _ _ _ _  
t u r e s ,  the DOPFIT code was  used to determine the exponent 7 in the following 
express ion  assumed to  r ep resen t  the temperature  dependence of the Doppler 
effect  : 
p = a t bT1-?, . . (16) 
.9? 
‘“Written b y  R .  J. Tuttle of Atomics International.  N o  documentation is 
ava i lab le .  
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Figure  14. P o w e r  History from Typical Oscil lator Run (0520-1) 
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F i g u r e  15. Reactivity vs  Time Determined f r o m  Power History for  
Run 0520-1 (Room Temperature)  
Points  used in determining average react ivi t ies  over level  portions of 
cycle a r e  those between a r rows  shown on graph. 
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Figure  16. Reactivity vs Time Determined f r o m  Power  Hi s to ry  
for Run 0520-6 (1368°K) 
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4 
2003F RUN MINUS 68F RUN W-182ICD 0520-(6-1 I 
T I M E  C S E C I  
Figure  17. Pointwise Reactivity Difference, 1368 "K Run Minus 
Room-Temperature Run, Magnified Scale 
Solid b a r s  indicate t ime spans over which average reactivity differences 
were  determined.  Note s ize  of statist ical  fluctuations over level por-  
t ions of cycle. Precis ion of reactivity difference for  this  measurement  
was be t te r  than 0.002C. 
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where p is reactivity,  T is  temperature  in degrees  Kelvin, a and b a r e  
least-squares  constants determined f rom the experimental  points and e r r o r s ,  
and y is  allowed to  vary  f rom 0 to  1. 5 in a search  fo r  the minimum weighted 
leas t  square 
experimental  ones.  
of 0. 5; for  fas t  r eac to r s ,  it is usually taken to  be 1 ( in  which case  p =  a t  b In T )  
o r  1.5. DOPFIT was written (in FORTRAN I V )  for  the AEC-sponsored F a s t  
Doppler Me a s  urements program at Atomics International . 
of the sum of the deviations of the calculated values f rom the 
For a thermal  reac tor ,  y is  expected to  be of the order  
Input to DOPFIT consists of title, void-correction and expansion-correction 
options (none, linear, o r  pointwise) and y-search  option on the first card;  
normalization data, input-temperature scale  options (C, K, or F) and scale 
limits on the second card ;  then a l l  temperatures ,  a l l  reactivit ies,  and a l l  
reactivity e r r o r s  for the experimental points; then the data for void (empty 
oven) and expansion correct ions,  if any. Pr inted output consists of the best  
least-squares-f i t  values of - a and b a n d  the expected and observed values for  
the rms e r r o r  of the f i t ,  fo r  each value of Y ranging f r o m  0 to 1.5 in 0.1 steps 
(or  in 0.01 steps about a specifiedvalue of y ,  if that  option was chosen). 
Graphical output consists of a plot of the best-fitting curve together with the 
experimental  points and e r r o r s ,  and a plot of the rms e r r o r  of f i t  as a function 
of y. Running time on the IBM 7094 is about 7 s ec  p e r  case .  
Figure 6 is  a n  example of the graphical output of DOPFIT. 
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